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Abstract
We have exploited the continuity equation approach and the star-formation timescales
derived from the observed ‘main sequence’ relation ( Star Formation Rate vs Stellar
Mass), to show that the observed high abundance of galaxies with stellar masses & a
few 1010 M at redshift z & 4 implies the existence of a galaxy population featuring
large star formation rates (SFRs) ψ & 102 M yr−1 in heavily dust-obscured conditions.
These galaxies constitute the high-redshift counterparts of the dusty star-forming popu-
lation already surveyed for z . 3 in the Far-InfraRed (FIR) band by the Herschel space
observatory. We work out specific predictions for the evolution of the corresponding
stellar mass and SFR functions out to z ∼ 10, elucidating that the number density at
z . 8 for SFRs ψ & 30 M yr−1 cannot be estimated relying on the UltraViolet (UV)
luminosity function alone, even when standard corrections for dust extinction based on
the UV slope are applied. We compute the number counts and redshift distributions
(including galaxy-scale gravitational lensing) of this galaxy population, and show that
current data from AzTEC-LABOCA, SCUBA-2 and ALMA-SPT surveys are already
digging into it. We substantiate how an observational strategy based on a color prese-
lection in the far-IR or (sub-)mm band with Herschel and SCUBA-2, supplemented by
photometric data via on-source observations with ALMA, can allow to reconstruct the
bright end of the SFR functions out to z . 8. In parallel, such a challenging task can
be managed by exploiting current UV surveys in combination with (sub-)mm observa-
tions by ALMA and NIKA2. The same could be done with radio observations by SKA
and its precursors.
In particular we have worked out predictions for the radio counts of star-forming
galaxies down to nJy levels, along with redshift distributions down to the detection
limits of the phase 1 Square Kilometer Array MID telescope (SKA1-MID) and of its
precursors. To do that we exploited our SFR functions with relations between SFR and
radio (synchrotron and free-free) emission. Our results show that the deepest SKA1-
MID surveys will detect high-z galaxies with SFRs two orders of magnitude lower com-
pared to Herschel surveys. The highest redshift tails of the distributions at the detection
limits of planned SKA1-MID surveys comprise a substantial fraction of strongly lensed
galaxies. The SKA1-MID will thus provide a comprehensive view of the star formation
xiii
xiv ABSTRACT
history throughout the re-ionization epoch, unaffected by dust extinction. We have also
provided specific predictions for the EMU/ASKAP and MIGHTEE/MeerKAT surveys.
We finally provide a novel, unifying physical interpretation on the origin, the aver-
age shape, the scatter, and the cosmic evolution for the main sequences (MS) of star-
forming galaxies and active galactic nuclei at high redshift z & 1. We achieve this goal
in a model-independent way by exploiting the redshift-dependent SFR functions, and
the deterministic evolutionary tracks for the history of star formation and black hole
accretion, gauged on a wealth of multiwavelength observations including the observed
Eddington ratio distribution. We further validate these ingredients by showing their
consistency with the observed galaxy stellar mass functions and active galactic nucleus
(AGN) bolometric luminosity functions at different redshifts via, again, the continuity
equation approach. Our analysis of the main sequence for high-redshift galaxies and
AGNs highlights that the present data strongly support a scenario of in situ coevolution
for star formation and black hole accretion, envisaging these as local, time coordinated
processes.
Chapter 1
Introduction
The main ingredients to build up galaxies are dark matter (DM) in halos, stars and su-
permassive black holes (BHs), which are known to populate the central regions of the
biggest galaxies. The basic idea of standard cosmological scenarios is that primordial
density fluctuations grow, thanks to gravitational instability driven by cold collisionless
DM, painting a "bottom up" ΛCDM (cold dark matter) scenario of structure formation.
From a theoretical perspective, N-body simulations (e.g. Diemand et al., 2007; Springel
et al., 2008; Tinker et al., 2008; Stadel et al., 2009) have been able to account for the
large scale matter distribution in the Universe as determined by the primordial dark
matter perturbations evolving into bound, virialized structures (’halos’) under the ac-
tion of gravity. Using numerical hydrodynamic techniques in which gravity, hydrody-
namics and thermodynamics are implemented, and their equations concurrently solved
for grid cells, such codes are able to model galaxy formation down to halo scales. How-
ever, on smaller, (sub-)galactic scales, the complexity of baryonic physics takes over,
and it is necessary to implement ad hoc recipes in order to model phenomena as star-
formation, BH accretion, feedbacks, etc, making it extremely difficult to provide an ab
initio description of all these relevant processes, that moreover occur on vastly different
spatial and time scales. This limitation is also connected to the extremely demanding
computational requirements. These issues cause the poor predictive capability of cur-
rent approaches (see Frenk and White, 2012; Scannapieco et al., 2012; Somerville and
Davé, 2015) based on such hydrodynamic codes (e.g. Vogelsberger et al., 2014; Dubois
et al., 2014; Khandai et al., 2015; Kaviraj et al., 2016). The (semi-)analytic (SAMs)
models (e.g. Bower et al., 2006; Croton et al., 2006, 2016; Fanidakis et al., 2011; Guo
et al., 2011; Menci et al., 2012; Somerville et al., 2012; Somerville and Davé, 2015)
instead does not explicitly solve fundamental equations for particles or grid cells, while
they adopt simplified flow equations for bulk components: they are able, for example,
to trace how much hot gas cools and turns into stars, or how feedback processes remove
1
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the same gas, stopping the star formation (SF) process. On the other side they have
problems in reproducing observations of scaling relations, as for example the slope of
the star-forming Main Sequence (see Somerville and Davé, 2015, for a review). Hybrid
models are also used to study galaxy formation and evolution: they consist in evolving
forward the hydrodynamic properties of baryons in galaxies that have been initialized
with idealized conditions (Casey et al., 2014). Their advantage is that they can reach
high resolution (a few-100 pc), at the cost of having no knowledge of the cosmological
context of the galaxies, making impossible to evolve them forward to infer properties
of the descendants of high-z objects. Such difficulties of theoretical models have orig-
inated a longstanding debate concerning the main actors in regulating galaxy and BH
formation and evolution. Three popular scenarios are currently (still) on the market.
The first one relies on a prominent role of merging among dark matter halos as the main
driver of the evolution processes (e.g. Bower et al., 2006; Croton et al., 2006; Hopkins
et al., 2006; Fanidakis et al., 2012; Somerville and Davé, 2015). An alternative view
assumes that star formation and black hole accretion are supported by steady cold gas
streams along filaments of the cosmic web (e.g. Dekel et al., 2009; Bournaud et al.,
2011). Finally, an alternative view envisages star formation and BH accretion in galax-
ies to be essentially in situ processes (e.g. Lapi et al., 2006, 2011, 2014; Lilly et al.,
2013; Aversa et al., 2015; Mancuso et al., 2016), triggered by the early collapse of the
host dark matter halos, but subsequently controlled by self-regulated baryonic physics
and in particular by energy feedback from supernovae and AGNs. DM halos assembly
is attributed to processes occurring in two phases: the first one is an early fast collapse,
during which the central regions reach a dynamical quasi equilibrium, while the second
one is a slow accretion phase, during which only the halo outskirts are affected (Zhao
et al., 2003; Wang et al., 2011; Lapi and Cavaliere, 2011). The rapid star formation oc-
curring in the central regions of the halo during the first phase is considered the leading
process in galaxy formation (see Lapi et al., 2011, 2014; Cai et al., 2013).
This latter scenario has recently received robust support from observations of high red-
shift (z & 1) dusty star-forming galaxies, an abundant population discovered via wide
areas far-IR/(sub-)mm surveys with Herschel, SPT, LABOCA, and SCUBA2, in many
instances thanks to strong gravitational lensing by foreground objects. Specifically,
high-resolution follow-up observations of these galaxies in the far-IR/(sub-)mm/radio
band via ground-based interferometers, such as SMA, VLA, PdBI and recently ALMA
has revealed star formation to occur in a few collapsing clumps distributed over spatial
scales smaller than a few kpc, and at an overall efficiency lower than 20% (e.g. Finkel-
stein et al., 2013; Negrello et al., 2014; Neri et al., 2014; Rawle et al., 2014; Riechers
et al., 2014; Ikarashi et al., 2015; Dye et al., 2015; Ma et al., 2015a; Simpson et al.,
2015; Harrison et al., 2016; Scoville et al., 2016).
Given that the different phases of galaxy formation present many different physical
conditions, both depending on the type and size of the galaxies and on the evolutionary
3phase itself, to properly address the problem is necessary to use multiwavelength data
from many different surveys, that can help in understanding the processes involved,
starting from the formation of first stars to the present-day galaxy properties, such as
forms, sizes, masses, colors, luminosities, metallicities and clustering. One possibility
to comprehend the global picture is to focus on the emission properties of the different
galaxy populations as a whole, tracing for example the evolution of the galaxy luminos-
ity density from the far-UV (FUV) to the far-Infrared (FIR), empirically determining a
global star formation history of the Universe.
The star formation in galaxies can be inferred from lines like Lyα and Hα, and
from continuum emission in the ultraviolet (UV), infrared (IR), radio and X-ray bands
(see Sect.2.4 and Kennicutt and Evans (2012a) for a review). In the local Universe a
significant fraction of the star formation in galaxies occurs in dust-enshrouded environ-
ments (e.g. Carilli et al., 2013; Madau and Dickinson, 2014a), with a clear tendency
for dust extinction to become more severe as the star formation rate (SFR) increases.
Dust causes the UV emission from young massive stars, which traces the SFR, to be
absorbed and reradiated in the far-IR band; thus a combined measurement of UV and
far-IR luminosities would constitute a sound probe of the SFR.
Even at high redshift dusty star-forming galaxies are quite common, as shown by
the large surveys obtained by ground- and space-based instruments in the recent years
(for a review, see Casey et al., 2014). The tendency for dust obscuration to increase
with SFR is also confirmed by the increase of the UV-continuum slope βUV with rais-
ing luminosity in UV-selected galaxies up to z ∼ 8 (see Bouwens et al. (2014), and
references in their Fig. 1; also Reddy et al. (2012); Coppin et al. (2015)).
The correlation of the UV slope βUV with the ratio of the IR to UV luminosity
(dubbed IRX ratio) in star-forming galaxies has been commonly exploited in order to
estimate their dust absorption (e.g. Meurer et al., 1999). The former is in fact related to
the absorption coefficient AUV, which is strictly related to the IRX ratio, that can read
IRX=(100.4S UV − 1)×B, where B is a bolometric correction. As a matter of fact, far-IR
observations of UV-selected galaxies confirmed that the estimates of dust attenuation
based on the βUV-IRX correlation are reliable for objects with SFR ψ . 30 M yr−1
(e.g. Lee et al., 2012; Reddy et al., 2012, 2015; Coppin et al., 2015). On the other
hand, the scatter of the βUV-IRX relation largely widens with increasing βUV and IRX
(i.e., with increasing SFR on the average), making the dust correction quite uncertain
for SFR ψ ≥ 30 M yr−1 (e.g. Chapman et al., 2000; Goldader et al., 2002; Conroy,
2013, for a recent review).
The relevance of dust absorption is evident from the shape and redshift evolution of
the luminosity function at the bright end (e.g. Mao et al., 2007; Bouwens et al., 2009;
Cai et al., 2014; Bowler et al., 2015), which shows how the uncertainty in the extinction
strongly affects SFR determinations inferred from UV surveys. At redshift up to z ∼
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3 the effect has been statistically quantified by Aversa et al. (2015), by comparing
the SFR function as derived from the UV luminosity function (corrected for the dust
absorption basing on the UV slope) with that inferred by the far-IR surveys obtained
with the SPIRE instrument on board of Herschel (see Lapi et al., 2011; Gruppioni et al.,
2013, 2015; Magnelli et al., 2013). These authors have shown that UV surveys start
to undersample galaxies endowed with SFR ψ ≥ 30 M yr−1, even when corrected
by dust attenuation on the basis of the UV slope β-IRX correlation. They have also
highlighted that the galaxy stellar mass function at z . 3 can be recovered from the
intrinsic SFR function. At higher redshifts z ≥ 3 the direct comparison is hampered
by the fact that, while the UV luminosity function is soundly determined up to redshift
z ∼ 8 (e.g. Bouwens et al., 2015; Finkelstein et al., 2015a; Bowler et al., 2015), the
far-IR luminosity function is not yet available due to the sensitivity limits of current
instruments.
To circumvent the problem, Aversa et al. (2015) have argued that the continuity
equation applied to SFR and stellar mass can provide an important clue to the distri-
bution of the intrinsic SFR even at z ≥ 4. In this vein, it is worth noticing that the
spectral energy distribution (SED) for large samples of high redshift galaxies has been
recently determined from the UV to near-/mid-IR, allowing for sound estimate of the
photometric redshift, stellar mass, dust extinction, SFR and age of stellar populations
(e.g. Duncan et al., 2014; Speagle et al., 2014; Salmon et al., 2015; Grazian et al., 2015;
Caputi et al., 2015; Stefanon et al., 2015), with due caveats related to the degeneracy
among these parameters (e.g. Conroy, 2013).
As presented in many works, estimate of the galaxy stellar mass function at sub-
stantial redshift has been obtained by combining the observed mass-to-UV light ratio
and the UV luminosity function (e.g. Stark et al., 2009; González et al., 2011; Lee
et al., 2012; Song et al., 2015). However, both these key ingredients are expected to be
affected by dust extinction at high UV luminosity. Moreover, the correlation M?−MUV
is largely scattered. Note that such a relation is also relevant for the definition of the so
called ‘main sequence’, once the UV luminosity is translated into SFR, provided that
the dust effects are properly taken into account.
Bypassing the UV selection, deep optical/near-IR/mid-IR imaging provided by the
HST, Spitzer, and the VLT on CANDELS-UDS, GOODS-South, and HUDF fields have
recently been exploited in order to determine the galaxy stellar mass function at redshift
z ≥ 3, with the stellar mass derived from the SED fitting technique including nebular
emission (Duncan et al., 2014; Grazian et al., 2015; Caputi et al., 2015). The stellar
mass function has been computed by weighting the galaxies with the 1/Vmax Schmidt’s
estimator (Schmidt, 1968). The outcome agrees with that derived only for UV-selected
galaxies when large intrinsic scatter ≥ 0.5 dex in the M?−MUV relation is assumed (see
Fig. 9 in Duncan et al., 2014). Such a wide scatter suggests that a fraction of the low
5luminosity UV-selected galaxies are already massive, and that either they are already
quiescent or they form most of their stars within a dusty interstellar medium (ISM; see
also Grazian et al., 2015). As a matter of fact, Song et al. (2015) notice the increase
of massive but faint UV galaxies at lower redshift, suggesting that the role of the dust
is increasingly relevant with cosmic time. Also Bowler et al. (2015) point out that the
bright end of the UV luminosity function appears to steepen from z ∼ 7 to 5, possibly
suggesting the onset of dust obscuration. Additional evidence for the presence of dust
at quite high redshift is confirmed by observations of quasars (e.g. Bolton et al., 2011),
direct detection from ALMA (e.g. Weiß et al., 2013; Swinbank et al., 2014; da Cunha
et al., 2015) and indirectly from the nature of high-z gamma ray bursts (e.g. Schady
et al., 2014).
In this work we have derived a determination of the intrinsic SFR and stellar mass
functions, unbiased with respect to dust obscuration; these are indeed crucial ingredi-
ents for our physical understanding of galaxy formation and evolution. For example,
these functions can be used to obtain intrinsic relationships of the SFR/stellar mass vs.
the dark matter halo mass via the abundance matching technique (e.g. Vale and Os-
triker, 2004; Shankar et al., 2006; Moster et al., 2013; Behroozi et al., 2013). We shall
see that the exploitation of such intrinsic relationships, as opposed to those derived af-
ter dust corrections based on the UV slope, leads to naturally solve a couple of critical
issues in galaxy formation and evolution, pointed out by Steinhardt et al. (2016) and
by Finkelstein et al. (2015a). The former authors claim massive high-redshift galaxies
to have formed impossibly early according to standard models of galaxy assembly; the
latter authors point out an unexpected increase of the stellar to baryon fraction in bright
galaxies at high redshift.
Given the importance of understanding the behavior of the star formation rate func-
tions (SFRFs) at the bright end up to high redshifts, in order to shed light on how galax-
ies built up at early ages, we also provide some selection techniques that will help to
populate the bright end of the SFRFs at high z >4, including an analysis of the capa-
bilities of the radio emission to pinpoint such objects. In particular we derived number
counts and redshift distribution predictions for the SKA and its precursors, to study the
capability of such instruments to help the understanding of the formation and evolution
of galaxies.
Dusty star-forming galaxies feature stellar masses strongly correlated to the SFR,
in the way of an almost linear relationship dubbed ’Main Sequence’, with a normal-
ization steadily increasing as a function of redshift, and with a limited scatter around
0.3 dex (Daddi et al., 2007; Elbaz et al., 2007; Pannella et al., 2009, 2015; Rodighiero
et al., 2011, 2014; Speagle et al., 2014; Whitaker et al., 2014; Renzini and Peng, 2015;
Salmon et al., 2015; Tasca et al., 2015; Erfanianfar et al., 2016; Kurczynski et al., 2016).
Taking advantage of our SFR functions, we present an analysis of such a relation and
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a new interpretation in line with the in situ scenario.
Turning on the last ingredient that play a role in galaxy formation, the central su-
permassive BH, we point out that some degree of coevolution between it and its host
galaxy must be present. It is indicated by observed tight relationships between the
central BH masses and the host galaxy properties, as stellar mass in old stars, luminos-
ity, velocity dispersion, morphological indicators (e.g. Kormendy and Richstone, 1995;
Magorrian et al., 1998; Ferrarese and Merritt, 2000; Gebhardt et al., 2000; Tremaine
et al., 2002; Marconi and Hunt, 2003; Häring and Rix, 2004; McLure and Dunlop,
2004; Ferrarese and Ford, 2005; Graham, 2007; Greene and Ho, 2007; Lauer et al.,
2007; Gültekin et al., 2009; Kormendy and Bender, 2009; Vika et al., 2009; Graham
et al., 2011; Sani et al., 2012; Beifiori et al., 2012; McConnell and Ma, 2013; Kor-
mendy and Ho, 2013; Ho and Kim, 2014; Shankar et al., 2016), and by recognizing
a parallel evolution of the star formation rate density (SFRD) for galaxies and of the
luminosity density for active galactic nuclei (AGNs; e.g. Boyle and Terlevich, 1998;
Franceschini et al., 1999; Heckman et al., 2004; Marconi et al., 2004; Silverman et al.,
2009; Madau and Dickinson, 2014b; Aird et al., 2015).
Recent, model-independent statistical analysis based on the continuity equation and
the abundance matching techniques (see Peng et al., 2010; Moster et al., 2010, 2013;
Behroozi et al., 2013; Aversa et al., 2015; Caplar et al., 2015; Mancuso et al., 2016)
have demonstrated that dusty star-forming galaxies with SFRs & 102 M yr−1 constitute
the progenitors of passively-evolving systems with large stellar masses M? & 1011 M,
that are indeed found to be abundant even at high redshift z & 1 (see Bernardi et al.,
2013; Santini et al., 2012a; Ilbert et al., 2013; Duncan et al., 2014; Tomczak et al., 2014;
Caputi et al., 2015; Mawatari et al., 2016; Song et al., 2016). These results offer an
exciting bridge between the astrophysics of galaxies and AGNs, since massive objects
are thought to become passive when their star formation is quenched by the energetic
feedback from the central supermassive BH (see Silk and Rees, 1998; Fabian, 1999;
King, 2003; Granato et al., 2004; Di Matteo et al., 2005; Lapi et al., 2006, 2014; King,
2014).
A great impulse in the study of the role played by supermassive BHs in galaxy evo-
lution has recently come from: (i) X-ray followup observations of AGNs growing at the
center of star-forming galaxies selected in the far-IR/(sub-)mm or in the K-band (e.g.
Borys et al., 2005; Alexander et al., 2005, 2008; Laird et al., 2010; Symeonidis et al.,
2010; Xue et al., 2010; Georgantopoulos et al., 2011; Carrera et al., 2011; Melbourne
et al., 2011; Rafferty et al., 2011; Mullaney et al., 2012a; Johnson et al., 2013; Wang
et al., 2013b; Delvecchio et al., 2015; Rodighiero et al., 2015); (ii) far-IR/(sub-)mm
followup observations of the star formation process in galaxies hosting X-ray selected
AGNs (e.g. Page et al., 2004, 2012; Stevens et al., 2005; Lutz et al., 2010; Shao et al.,
2010; Mainieri et al., 2011; Harrison et al., 2012; Mullaney et al., 2012b, 2015; Rosario
7et al., 2012; Rovilos et al., 2012; Santini et al., 2012b; Azadi et al., 2015; Barger et al.,
2015; Stanley et al., 2015; Harrison et al., 2016) or mid-IR/optically selected quasars
(e.g. Omont et al., 1996, 2001, 2003; Carilli et al., 2001; Priddey et al., 2003; Wang
et al., 2008; Walter et al., 2009; Serjeant et al., 2010; Bonfield et al., 2011; Mor et al.,
2012; Xu et al., 2015; Netzer et al., 2016; Harris et al., 2016).
These observational studies have revealed a well defined behavior of the average
SFR in the host galaxies with respect to the bolometric AGN luminosity (see review
by Alexander and Hickox, 2012); specifically, the SFR is found to be roughly con-
stant for moderate AGN luminosities, while for high luminosities it stays constant or
decreases in X-ray selected AGNs, and increases steeply in mid-IR or optically se-
lected quasars (QSOs). A correlation between the average AGN luminosity and the
stellar mass emerges also when focusing on mass-selected galaxy samples. All these
relationships are often interchangeably referred to as ’AGN main sequence’.
The theoretical interpretation, especially in the range of AGN luminosities inves-
tigated via X-ray stacking, is far from trivial; phenomenological models (Aird et al.,
2013; Caplar et al., 2015; Hickox et al., 2014; Stanley et al., 2015) call into play AGN
variability, as inspired from the merging scenario (see Di Matteo et al., 2005; Hopkins
et al., 2005; Hopkins and Hernquist, 2009; Novak et al., 2011; Hopkins et al., 2013,
2016) and inferred from consistency with the locally observed Eddington ratio dis-
tribution. Variability can effectively weaken an underlying correlation between AGN
luminosity and SFR, if the AGN luminosity substantially changes (i.e., by more than
an order of magnitude) over much shorter timescales than the star formation across
the galaxy. We shall show that such stochastic model faces instead some problems in
reproducing the AGN luminosity functions observed at high z & 1.
The plan of the thesis is the following: in Chapter 2 we give an overview of the
process of star formation in galaxies, then in Chapter 3 we present our SFR functions
and validate them. In Chapter 4 we start from the SFR functions and propose some
methods to hunt dusty star forming galaxies in the IR. The same thing, but in the radio
band, is done in Chapter 5. In Chapter 6 and 7 we present an analysis, based on our
SFR functions, of the Main Sequence of star forming galaxies and AGNs, respectively.
Finally, in Part 8 we summarize our results.
Throughout this work we adopt the standard flat concordance cosmology (Planck
Collaboration XIII 2015) with round parameter values: matter density ΩM = 0.32,
baryon density Ωb = 0.05, Hubble constant H0 = 100 h km s1 Mpc1 with h = 0.67, and
mass variance σ8 = 0.83 on a scale of 8 h−1 Mpc. Stellar masses and luminosities (or
SFRs) of galaxies are evaluated assuming the Chabrier’s (2003) initial mass function
(IMF).
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Chapter 2
Star Formation in galaxies
The processes of star formation in galaxies are one of the bulk ingredients that need to
be understood and reproduced in order to shed light on the formation and evolution of
galaxies. Important constraints on star formation theories are given by the mass and
luminosity functions of the stellar component in galaxies: a mass-luminosity relation,
in fact, provides information on how the stellar mass has grown. Note that the main
contributors of the stellar mass component are old, low-mass stars (M <1 M), which
emit essentially in the K-band, while the stellar luminosity is mainly contributed by
younger higher-mass stars (M >1 M), which emit essentially in the UV band.
When trying to reconstruct the formation history of galaxies via the formation his-
tory of stars in the Universe, it is necessary to take into account some elements that are
fundamental to do not occur in big mistakes.
The stars that we can observe in single galaxies span large ranges of masses, ages and
metal abundances; their UV light can be strongly attenuated by dust in the galaxy,
making UV measurements unreliable to reconstruct the SFR, that will be, in this case,
better constrained by IR light, which is emitted by the heated dust. Usually a galaxy
spectrum is made up of composite stellar population, and its true distribution is gener-
ally unknown: for most of the observed galaxies, in fact, it is possible to observe only
the integrated light, i.e. the integrated spectrum of the object. It is then very difficult
to separate the different contributions without being affected by some degeneracy of
the observables. Given the composite nature of stellar populations, it is moreover nec-
essary, when we interpret the observed light, to make some simplifying assumptions,
such as the form of the Initial Mass Function (IMF), the wavelength dependance of
dust attenuation, etc.
In this chapter we give an overview on the main ingredients that must be assumed
or used in order to reconstruct the SFR function of the galaxies, for which we give an
estimation in Chapter 3.
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2.1 Initial Mass Function (IMF) and Stellar Population
Synthesis (SPS)
The stellar Initial Mass Function (IMF) gives the relative probability for the forma-
tion of stars with different masses, that originally have been formed along the main
sequence. It underlies the relation between mass, light and stellar population and con-
trols the proportion of hot, bright stars (i.e. those dominating the emission of light in
the UV) and cool faint stars (i.e. those dominating the mass function, that emit essen-
tially in the K-band). Since stars with different masses evolve at different rates, it also
regulates the evolution of the integrated stellar population in color and luminosity.
From and observational point of view, it is not that easy to constrain the stellar IMF:
in fact neither photometric (colors) or spectroscopic (lines) measurements of a galaxy
can uniquely characterize its underlying IMF. One of the few ways to have a reliable
estimation consists in counting stars as a function of mass, but obviously this is pos-
sible only for an extremely limited sample of very nearby stellar populations (namely
within our Galaxy or in its satellites). Another possibility would be to use kinematics
as velocity dispersion or rotation curves, derived from measurements of mass-to-light
ratios for galaxies, to obtain a mass that can be compared with the luminosity. Unfor-
tunately such measurements are very difficult to obtain, especially for faint galaxies at
high redshifts.
Because of all these issues, in general people assume the IMF to be universal,
considering the same shape at all times in all galaxies. The most usual functional form
is a power law, and was originally proposed by Salpeter (1955) for stellar masses 1
M<M∗<100 M. It writes
ξ(log m) =
dN
d log m
= Cm−x (2.1)
with N= stellar number density per logarithmic mass bin, C= normalization constant
and x=power law exponent, that according to Salpeter (1955) is x∼ 1.35.
Another possibility for the IMF shape, presented by Miller and Scalo (1979) is a
Gaussian distribution, that extends the IMF below M∗=1M:
ξ(log m) =
A√
2piσ
exp
[
− (log m − log mc)
2
2σ2
]
(2.2)
with A=normalization constant, log mc= mean mass and σ2=variance in log m.
Other possibilities have been proposed by Kroupa (2001), who models the IMF as
a broken power law, and by Chabrier (2003), who uses instead a power law for high
masses (M∗≥ 1M) and a log-normal distribution at lower masses (M∗<1M).
2.1. INITIALMASS FUNCTION (IMF) AND STELLAR POPULATION SYNTHESIS (SPS)11
Figure 2.1 Different IMFs: mass fraction per dex as a function of stellar mass, the
curves are normalized as that the area under each curve is unity, and are assumed to
be valid in the interval 0.1 M<M∗<120 M. The different lines refer to Salpeter
(1955) (red dotted), Miller and Scalo (1979) (green dashed), Kennicutt (1983) (blue
solid), Scalo (1986) (black dashed), Kroupa et al. (1993) (grey dashed), Kroupa (2001)
(cyan solid), Baldry and Glazebrook (2003) (green solid) and Chabrier (2003) (magenta
solid). The figure is to be acknowledged to Ivan Baldry (his research page).
Different IMFs are given in figure 2.1 for comparison: to obtain reasonable Mass-
to-Light (M/L) ratios and galaxy colors to be compared with observations, the best
renditions are those given by Kennicutt (1983), Kroupa (2001), Baldry and Glazebrook
(2003) and Chabrier (2003). In fact the extrapolation of the Salpeter (1955) IMF down
to M∗<1Mwould give an excess of low-mass stars with respect to what is observed.
On the other hand, the Scalo (1986) and Kroupa et al. (1993) IMFs, which are based on
galactic disk measurements, would underestimate the number of high mass stars, since
the Star Formation History (SFH) of the Galaxy is complicated. Let’s now compare
the Saltpeter and Chabrier IMFs: the former is too rich in low-mass stars and might
overestimate the stellar masses, while the latter predicts masses which are a factor ∼ 1.7
lower (Pozzetti et al., 2007). Because of this the IMF decreases of a factor ∼(1.7)1+α,
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and for a typical value α ∼ -1.2, as pointed out by Perez-Gonzalez et al. (2008), it
means a decrease of ∼ 0.5 dex (Li et al., 2011).
The choice of the IMF affects also the Spectral Energy Distribution (SED) of galax-
ies (see Sect. 2.3). Throughout this work we adopt a Chabrier (2003) IMF.
2.1.1 SPS
Given a certain IMF, the Spectral Energy Distribution (SED) of a stellar population at
a time t can be computed as follow:
Lλ(t) =
∫ t
0
dt′
∫ ∞
0
dZ′ψ(t′,Z′)L(SSP)λ (t − t′,Z′; φ) (2.3)
where ψ(t′,Z′)dt′dZ′ is the mass at the birth of stars which formed in the time interval
t’, t’+dt’ and metallicity range Z’, Z’+dZ’, while L(SSP)λ (t,Z; φ) is the SED of a single
stellar population (SSP) of unit mass with age t and metallicity Z, formed with a given
IMF φ(m). ψ(t,Z) is obtained by summing over the SF histories of all the progenitors.
The SSP luminosity is then related to the one of a single star as follows
L(SSP)λ (t,Z; φ) =
∫ mU
mL
L(star)λ (t,Z,m)φ(m) dlnm. (2.4)
The L(SSP)λ (t,Z; φ) is provided by several libraries that take into account different ages,
metallicities and IMFs (Bruzual A. and Charlot, 1993; Maraston, 2005; Bressan et al.,
1998; Vazdekis et al., 2015), and are based on theoretical stellar evolution tracks and
either theoretical or observed stellar spectra.
2.2 Dust in galaxies
Galaxies with ongoing star formation, especially if it is running at high rates, are full of
dust. It produces two different effects on the incident radiation: it can scatter the light
and/or absorb it. To recover the total amount of original radiation one needs to sum
these two components (scattered and absorbed). The effect of the dust onto the radia-
tion itself is called (total) extinction, and the scattered and absorbed light components
are a measure of it.
To correctly understand the nature of dust extinction is necessary to reproduce its
variation as a function of the wavelength of the incident radiation: regarding single
stars, this is usually done by considering two of them having the same spectral type,
one strongly obscured in contrast with the other one which is completely clear. The
differences in their observed intensities give information about the physical properties
of the intervening material, making it possible to recover the extinction curve (or law)
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of the observed object. This process has been developed for local samples of galaxies
(Calzetti et al., 1994; Calzetti, 1999; Calzetti et al., 2000), including the Milky Way
(Seaton, 1979; Howarth, 1983) and the Large Magellanic Cloud (Howarth, 1983). For
these objects the extinction law has been modeled also theoretically (Charlot and Fall,
2000). For galaxies which are not local, instead, it is very difficult to recover observa-
tionally the extinction curve; this is because, in general, the process described above
can be applied to stars, that cannot be resolved in non-local galaxies, and furthermore,
for such objects, there is an additional issue concerning the fact that photons can be
scattered both into and out the line of sight, and the optical depth of the dust itself can
vary a lot from star to star. Because of such reasons, in general, for non-local galaxies
a mean dust attenuation curve is assumed. Unfortunately galaxies are different from
one another, so there not exist a single extinction curve that is equally appropriate for
all of them. For example, galaxies that are highly star-forming have a huge amount
of dust, that makes their UV emitted light to be almost completely absorbed and re-
radiated in the IR part of the spectrum (Buat et al., 2005; Burgarella et al., 2005). It
is very important, in the case of these galaxies, to be able to correctly model the dust
attenuation curve, since their SFRs, inferred using UV emission not properly corrected
for dust extinction, can be underestimated up to one order of magnitude. This highlight
even more that an accurate knowledge of the effects of the dust in galaxies is needed,
especially if one wants to use observations at wavelengths affected by such attenuation
to infer some general properties of the galaxies, and use them to put constraints on the
evolutionary processes.
In literature there are, in the end, three main approaches to estimate the dust atten-
uation in the UV band:
• The slope β of the power law of the UV continuum in the range 1300 angstrom ≤
λ ≤ 2600 angstrom: fλ ∝ λβ (Calzetti et al., 1994; Calzetti, 1999; Calzetti et al.,
2000; Bouwens et al., 2012, 2014; Mashian et al., 2016). In general it is made
the strong assumption that β is sensitive only to dust attenuation, and not, for
example, to the mean age of the dust-heating population, the dust/star geometry,
or the dust properties
• The IRX relation, which is the ratio between UV and IR emission: if the FIR
emission is considered as being the optical/UV emission from the stars after be-
ing reprocessed by the dust (Wang and Heckman, 1996; Heckman et al., 1998;
Meurer et al., 1999; Hao et al., 2011), this gives an estimation of how much
extinction is occurring in the galaxy. Since it is independent on the dust distribu-
tion and properties (Buat and Xu, 1996; Gordon et al., 2000; Cortese et al., 2006,
2008), it is a better estimator of the dust attenuation, once assumed that at least
a little amount of UV radiation can arrive to the observer.
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• The attenuation in the Hα line as derived from the Balmer line Hα /Hβ (i.e., the
Balmer decrement): if the SFR as derived from the Hα luminosity is in agree-
ment with the one derived from the the dust-corrected UV emission, then the
observed emission ratio Hα / UV can be used to infer the amount of dust attenu-
ation. Another possibility is to assume an attenuation law for the dust (e.g. Buat,
1992; Treyer et al., 2007). Due to its strong model dependance, this indicator
suffers of large systematic uncertainties.
In recent times the second indicator has been applied to derive the attenuation in
local galaxies using both the IR/FUV (Far-UltraViolet) ratio and the FUV/NUV (Near-
UltraViolet) ratio (Hao et al., 2011). Once derived the SFR functions for the galaxies,
the authors understood that the correction based on the FUV/NUV color strongly un-
derestimates the SFRs for galaxies that are highly star-forming. This strengthens even
more the need for IR data in order to properly estimate the dust extinction in galaxies,
especially when dealing with high SFRs ≥ 100 Myr−1 (Lapi et al., 2011; Gruppioni
et al., 2013). Also for IRX ≥ 10 the information carried by the FUV suffers of large
uncertainties, making in any case the determination of the dust attenuation unreliable.
The correction β/IRX ratio is usually adopted when only UV data are available
(Meurer et al., 1999). It has been initially proposed for low-z galaxies, and then tested
and applied also to higher redshifts (Reddy et al., 2010; Overzier et al., 2011; Bouwens
et al., 2013, 2014). Unfortunately the spread around the relation becomes huge when
the values of β and of the attenuation increase, making the estimate of the attenuation
less reliable. It is true that the latter is less dispersed for galaxies with low SFRs
ψ ≤ 1 Myr−1; in this cases the correction for the attenuation is more reliable and, on
average, small (Bouwens et al., 2013). This conclusion is supported also by Hopkins
et al. (2001) when inferring the UV attenuation by relating the Hα attenuation and the
Calzetti extinction curve.
In general the mean dust attenuation increases with redshift up to z ∼ 1-1.5, where it
has its maximum, then it decreases rapidly. In fact, as the Universe becomes younger,
the galaxies have less time to produce large amount of dust and metals, and this is
shown by Madau and Dickinson (2014b) and Cai et al. (2014), who give a metallicity
for the intergalactic medium (IGM) that is lower than the solar one at z ≥6. In this case,
at very high redshifts, the UV dust corrected data starts to be a more reliable diagnostic
for the SFR; as we will show in Chapter 3, this is valid only for galaxies at very high
redshifts (i.e. z >8), since the dust absorption appears to be still present, even if in
lower amount, up to z ∼7-8, as confirmed by the few galaxies with very high SFRs
found by Riechers et al. (2013) and Watson et al. (2015).
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2.3 Spectral Energy Distribution (SED)
The information on galaxy stellar, dust and gas content, and their physical properties
are contained into the galaxy Spectral Energy Distribution (SED). Via the SED fitting
technique, which consist in finding the best theoretical template able to reproduce the
observed data, it is possible to infer many properties from the SED of a galaxy, like
the redshift, the age of the stellar population, the mass in stars, the IMF, physical prop-
erties and amount of gas and dust. To model an SED usually it is utilized the stellar
population synthesis technique, which consist in summing spectra of single stars, that
are supposed to compose a galaxy, in order to reconstruct the overall spectrum of the
whole galaxy (Charlot and Bruzual, 1991; Bruzual A. and Charlot, 1993; Bressan et al.,
1994; Worthey, 1994; Fioc and Rocca-Volmerange, 1997; Maraston, 1998; Leitherer
et al., 1999; Vazdekis, 1999; Walcher et al., 2011; Conroy, 2013, see also Sect.2.1.1).
In general a galaxy can emit at many wavelengths: each one can be connected to a
different component of the galaxy itself. For example the UV to sub-mm wavelengths
(from 0.1 µm to ∼ 1000 µm, e.g. Kennicutt and Evans (2012b)), which constitute the
bulk of the galaxy emission, are dominated by the stellar light plus AGN component
(if present). The intrinsic emission from the stellar population peaks at UV-NIR wave-
lengths. This light is often attenuated by the presence of dust in the galaxy, that absorbs
the UV photons and re-emits them thermally in the Far-IR (λ ∼ 100 µm), shifting the
peak of the emission at higher wavelengths (see Fig. 2.3, solid line is a less attenuated
SED with respect to the one represented by the dashed line, as can be seen by the shift
of the emission peak towards the IR band, and the lower emission at UV wavelengths).
This happens especially in galaxies where the star formation process is still ongoing,
even though some obscuration due to the diffuse dust is present also in "dead" galaxies.
Thus to study highly star-forming galaxies it is necessary to have FIR data, while for
quiescent galaxies the best wavelength window is the UV-NIR.
Many models are nowadays able to consistently predict the SED of galaxies from
the UV to FIR wavelengths (Silva et al., 1998; Devriendt et al., 1999; da Cunha et al.,
2008; Groves et al., 2008; Noll et al., 2009): in Fig.2.3 we show an example of one
of them, underlining the different components that are included to reproduce the ob-
served SED. The necessary ingredients are the intrinsic starlight emission (UV-NIR,
blue line), a dust attenuation model in order to suppress the emission and recover
the observed data, an empirical spectrum for the Polycyclic Aromatic Hydrocarbons
(PAHs) emission (the spikes in the region at ∼ 10 µm), and the dust emission, which is
separated into the contribution derived from the diffuse ISM (cirrus, solid green line)
and the one due to the dust contained in star-forming regions (Molecular Clouds (MC),
dashed green line).
Actually in order to properly map the SED of a galaxy and infer its properties it is
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Figure 2.2 SED of strongly obscured and less obscured galaxies: in this figure we
show an SED of a galaxy with SFR=20 M/yr in two different stages of evolution.
The solid line represents the galaxy at the beginning of its life, when only a mild dust
attenuation is present, while the dashed line shows the galaxy in a more evolved (and
dusty) stage of evolution, when most of the UV light has been absorbed and re-emitted
at higher wavelengths by the dust.
necessary to include also the radio emission: it is in fact typical of star-forming galax-
ies, and is directly proportional to the star formation processes (Bressan et al., 2002;
Prouton et al., 2004; Vega et al., 2008; Mancuso et al., 2015). In Fig.2.4 we show an
SED which is comprehensive of the radio emission: for comparison we put on it the
observed fluxes of the galaxy NGC 7090 at different wavelengths λ. In this case we
did not use the SED fitting technique, and this explains the non-perfect agreement with
a couple of IR data-points (IRAS measurements, stars); we just wanted to underline
the presence of radio emission correlated with star formation, and in particular the sep-
arated contribution of the two radio components, the synchrotron (long dashed cyan)
and the free-free (long dashed magenta) (see Sect.2.4.6).
Since the SED is representative of all the components of a galaxy, if an AGN is
present, its contribution to the SED should appear: generally the AGNs are luminous
in the IR band, given the thermal emission from the dust in their tori around accretion
disks. In principle, then, they can be a source of contamination for the IR emission
correlated to star formation, that is commonly used as an intrinsic SFR tracer (see
Sect.2.4). Actually, as a matter of fact, the AGN contribution to the IR emission peaks
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Figure 2.3 SED of NGC337 modeled with different components: the overall SED in
shown by the black solid line, it is composed by the unattenuated starlight (blue solid
line), the dust attenuation that lower the UV emission down to fit the observational
data (red points), the dust contribution separated in cirrus (green solid) and molecular
clouds (green dashed) emission. The figure is adapted from da Cunha et al. (2008).
at 20− 40 µm with a rapid fall-off at longer wavelengths, because the emission is dom-
inated by hot dust grains (cf. Fig. 5 of Delvecchio et al. 2014). Theoretical works have
shown that this fall-off is weakly dependent on geometry, clumpiness of the torus, and
orientation of the line of sight (e.g., Pier & Krolik 1992; Granato & Danese 1994; Ef-
stathiou & Rowan-Robinson 1995; Nenkova et al. 2008), and their results well match
the observed SEDs of local AGNs. In Fig. 2.5 we present the typical rest-frame SEDs
of obscured AGNs (referring to both local and high−z objects) as fitted by Siebenmor-
gen et al. (2015), together with different SEDs typical of star-forming, dust-obscured
galaxies. The SEDs of the AGNs are computed using a 3D radiative transfer code, and
take into account many different basic parameters that determine the AGN structure;
the emission from the AGNs is considered to be anisotropic below its far-IR peak, and
isotropic at longer wavelengths, while the dust grains are chosen to be fluffy, since their
absorption cross sections seem to suggest an attenuation which is in a better agreement
with observations of obscured AGNs. The SEDs of star-forming galaxies are the Cos-
mic Eyelash (our reference), the average from the ALESS sample (Swinbank et al.,
2014; da Cunha et al., 2015) which is similar to the classic SED of Arp220, (see Rang-
wala et al., 2011), and the local ULIRG+Seyfert1 galaxy Mrk231 (e.g. Polletta et al.,
2007). The plot actually illustrates the relative contribution of an obscured AGN and
of its host dusty galaxy, under the assumption that their integrated luminosity over the
range 3−1100 µm is the same (a conservative hypothesis for most of (sub-)mm selected
galaxies). In order to test the SFR function at z & 3, the statistics of counts and lensed
objects at λ ∼ 1400 µm (Weiß et al., 2013) are extremely informative. This observa-
tional wavelength corresponds to rest-frame λ & 200 µm for galaxies at z . 6. From
Fig. 2.5 it is apparent that the obscured AGN flux/luminosity is . 10% with respect to
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Figure 2.4 SED with radio-components: here we show a general SED comprehensive
of the radio synchrotron (long dashed cyan) and free-free (long dashed magenta) com-
ponents. The dotted blue line is the cold dust component of the SED. For comparison
we report also the observed fluxes of NGC 7090. In this case we did not perform an
SED fitting analysis, the data points are just presented to make a comparison with the
shape of the modeled and observed SED.
that of the host galaxy.
This conclusion is also supported by Delvecchio et al. (2014), who have performed
broad-band SED decomposition in about 4000 galaxies detected at 160 µm by Herschel
in the redshift range z ∼ 0 − 3.
Also Swinbank et al. (2014) and da Cunha et al. (2015) reported observations with
ALMA of 99 high−z sub-mm galaxies in the ECDFS with multi-wavelength obser-
vations, covering a very wide spectral range. These authors show that the composite
spectrum of such galaxies in the wavelength range λ ∼ 10−1000 µm can be well repre-
sented by the superposition of three grey-bodies referring to different dust components,
cold, warm and hot, with temperatures T ≈ 20 − 30 K, 50 − 60 K and 80 − 120 K, re-
spectively. The hot component peaking at around 30 µm suggests the presence, in a
statistical sense, of an AGN contribution, which becomes irrelevant at λ & 70− 80 µm.
All in all, the combination of the short lifetime for luminous AGNs and of their SED
makes the AGN component irrelevant as for the purposes of this work (for example
for recovering the far-IR/(sub-)mm counts). A general discussion on the luminosity
function and counts of AGN type 1, 2 and 3 (the latter being those growing at the
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Figure 2.5 SED comparison: we present the comparison among the SEDs of three
typical dust-obscured, star-forming galaxies (normalized in the range 3 − 1100 µm to
1 erg s−1): red line refers to the Cosmic Eyelash (Ivison et al., 2010), blue line to
the average from ALESS galaxies (Swinbank et al., 2014; da Cunha et al., 2015), and
green line to Mrk231 (e.g. Polletta et al., 2007). The typical SEDs of obscured AGNs
(including both low- and high-z objects) is plotted as a magenta region (Siebenmorgen
et al., 2015).
center of star-forming galaxies at substantial redshift) at wavelengths ranging from UV
to mm bands was presented by Cai et al. (2013). We stress that these findings do not
exclude relationships between the star formation and the central black hole accretion
history (e.g. Alexander and Hickox, 2012; Kormendy and Ho, 2013; Lapi et al., 2014;
Aversa et al., 2015).
2.4 SFR tracers
The Star Formation Rate of a star-forming galaxy is the key ingredient to understand
the galaxy formation and the evolutionary properties of the object: many different in-
dicators can be used to recover it, and all of them have their own advantages and disad-
vantages (see Madau and Dickinson (2014b); Kennicutt (1998); Kennicutt and Evans
(2012b) for a review). Here we give a brief overview of the most commonly used.
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2.4.1 Emission lines
Star formation usually occurs in HII regions, and produces nebular line emission from
ionized gas. The most common line tracers of star formation are then, for example, the
Hydrogen recombination lines, such as Hα and Lyα [λrest =1216 angstrom]; they are in
fact strongly related to the photoionization rates, which are on turn due to intense UV
radiation from OB stars, and hence can trace star formation quite directly. However
they can be affected by the presence of an AGN and also suffer from old stellar pop-
ulation contamination. The Lyα is also affected by dust extinction within the galaxy,
given that it is a resonance line, scattered by neutral hydrogen atoms; after having es-
caped from the progenitor galaxy, it also can be absorbed by HI clumps present in the
IGM. Other possibilities are the OII [λrest =3727 angstrom] and the OIII [λrest =5007
angstrom] lines, that in any case depend on the ISM conditions, such as metallicity or
excitation. There exist also less extinguished lines in the NIR, for example the Paschen
α, which unfortunately is weak, and consequently less easy to find. It can be used, in
any case, to detect SFRs only at very low redshifts, at least until the advent of new fa-
cilities as JWST, that will make possible to measure Paschen α for a significant number
of galaxies up to cosmological distances.
2.4.2 X-ray flux
Recent star formation is associated also to X-ray luminosity, in particular the one de-
riving from X-ray binaries, Supernovae (SNe), SN remnants and massive stars. In
addition to this there is a correlation between the 2-10 keV fluxes and the IR and non-
thermal radio continuum emission (Bauer et al., 2002; Ranalli et al., 2003; Symeonidis
et al., 2011), even though those relations need to be calibrated (Ranalli et al., 2003;
Persic et al., 2004). The integrated hard X-ray emission has been largely used as an
SFR tracer in recent times (Colbert et al., 2004; Lehmer et al., 2010), applying the cal-
ibration by Ranalli et al. (2003). The deepest Chandra fields have been able to identify
individual star-forming galaxies up to z ∼ 1 , while taking advantage of the stacking
technique applied to UV-selected galaxy samples, it was possible to reach fainter fluxes
up to z <4, and upper limits for the fluxes even at higher redshifts (see Reddy and Stei-
del, 2004; Lehmer et al., 2005; Laird et al., 2005, 2006; Basu-Zych et al., 2013). All
this types of analysis are obviously possible only in absence of AGN contribution, that
would, in case, completely overcome the contribution due to star formation.
2.4.3 UV luminosity
UV light is directly emitted by young, massive stars. In particular the FUV light
(λ ∼1500 angstrom, rest frame) is considered to be one of the best tracers of star
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formation in galaxies. In the past years many observations have been carried out in this
band, in order to recover the SFR of galaxies: some of them have been performed with
the Galaxy Evolution Explorer (GALEX) (Martin et al., 2005), which provided NUV
and FUV fluxes for hundreds of thousands of galaxies even at high redshifts, or the
XMM Optical Monitor (Mason et al., 2001), the Swift UV/Optical Telescope (Roming
et al., 2005), the Ultraviolet Imaging Telescope on the ASTRO missions (Stecher et al.,
1997; Marcum et al., 2001), and the Hubble Space Telescope (HST), especially for
nearby objects. Also the MID-UV emission is sometimes used to trace star forma-
tion processes: it is less reliable than the FUV because it can be contaminated by the
emission from long-lived low mass stars.
In general, when trying to recover the SFR from UV measurements, it is necessary
to take into account some facts: first of all the UV luminosity output from a stellar
population depends on its metallicity (usually less metal rich stars produce more UV
light). We can express the relation between SFR and Lν(FUV) as
SFR = KFUV × Lν(FUV) (2.5)
where the conversion factor KFUV depends on the the star formation history of the
galaxy (i.e. its metal enrichment) as well as from the IMF choice. It will also have an
evolution with the redshift, in particular its value is expected to raise with increasing z
(see Madau and Dickinson, 2014b). In general the effects due to metallicity and redshift
counterbalance each other, making possible to assume an almost constant conversion
factor at a given IMF.
The UV emission, however, presents also another important issue: it can be strongly
absorbed by the dust and re-emitted in the FIR band (see Sect. 2.4.4 and 2.4.5). The
attenuation can reduce the UV luminosity of a galaxy up to a few percent of its in-
trinsic value, thus a proper estimation of the dust absorption is needed to correct for
such a contamination. In any case SFRs deduced from a combination of UV and IR
measurements are in general thought to be more reliable. (see Sect. 2.4.5)
2.4.4 IR emission
Also the IR luminosity can be used as a tracer of SFR, if the latter occurs in dust
enshrouded environments. In fact the bolometric luminosity of a completely obscured
stellar population can be recovered starting from the integrated total (3-1100 µm) IR
emission of the galaxies (Kennicutt, 1998).
In general the unobscured starlight is not traceable using IR emission. In order to
properly account for the missing radiation related to star formation it is then necessary
to calibrate the conversion between IR emission and SFR accurately (Hirashita et al.,
2001). On the other hand there is some contamination in the IR due to evolved stars that
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heat the dust and contribute, sometimes not marginally, to the total IR light, leading to
an overestimation of the SFR (Sauvage and Thuan, 1992; Walterbos and Greenawalt,
1996; Cortese et al., 2008; Kennicutt et al., 2009; Hao et al., 2011).
The spectrum of dust emission is made up of different components, that are heated
at different temperatures, making it fairly complex; the MIR continuum (λ < 30µm),
is dominated by the emission from PAHs and absorption bands from silicates. Their
strength is related to the ISM metallicity, though they are also affected by complex
phenomena including photodissociation in the strongest starbursts. In addition these
wavelengths can deeply suffer from AGN contamination.
As already introduced in Sect. 2.3, in the FIR the heated dust in galaxies can have
two different natures: the dust in the cirrus is more diffuse and can also be heated by
old stars, while the dust in molecular clouds is a more direct tracer of the star formation
processes occurring inside the HII regions. In particular the cirrus component emission
depends on several aspects, as the stellar content, the dust content and their spatial
distribution. For the cirrus the temperature of the dust is usually low (∼ 25 K), so the
IR emission related to it has typically longer wavelengths with respect to those emitted
in the molecular clouds (Silva et al., 1998; Rowlands et al., 2014). It has been observed
in local galaxies: for example Hao et al. (2011) found that ∼50% of the IR emission
was contributed by cirrus emission in nearby star-forming galaxies with ψ . 30 M/yr
. When the star formation increases, however, the fraction of cirrus emission decreases
consequently (Clemens et al., 2013), thus for strongly star-forming galaxies with ψ &
100 M/yr and LIR & 1012L, such as Arp220, it accounts only for a few percent of
the total IR emission (Silva et al., 1998; Rowlands et al., 2014). A possible source of
contamination can, again, be due to AGNs contribution; as already discussed in Sect.
2.3, however, the peak of their emission will be at wavelengths much shorter than those
typical of the emission of molecular clouds, making them not that dangerous for the
SFR estimations at such wavelengths.
2.4.5 UV vs IR
Which is the most complete SFR tracer? As already mentioned, the biggest constrain
to be considered when trying to infer the SFR from UV emission is that, especially
in highly star forming galaxies, the star formation processes occur in dust enshrouded
environments, causing suppression of the UV emission in favor of the IR reprocessed
light. Then the IR emission can be looked at the best tracer for star formation processes;
actually also this type of emission suffers from contaminations, for example from old
stellar population. Moreover it is true that, especially for those galaxies that are forming
stars at low rates, not all the UV light is reprocessed by the dust. Since the amount of
dust is strictly connected to the formation of stars, if the star formation process is slow,
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so it is the production of dust, resulting in a not completely dust obscured galaxy. The
solely IR emission, in this case, would underestimate the intrinsic SFR, since also UV
light can actively trace it.
The best way to trace SFR in galaxies using such tracers is then to combine them
in a relation that looks like the following:
SFRtot = KFUV × Lν(FUV) + KFIR × Lν(FIR) (2.6)
where the conversion factors can be estimated empirically (Kennicutt and Evans, 2012b),
and the LFUV does not take into account the dust extinction.
In this way, the intrinsic SFR can be estimated without risking to neglect some
contribution. Unfortunately up to now the FIR surveys, thanks to Herschel, can detect
galaxies with SFR ψ > 100 M/yr only up to z ∼3; to go to higher redshifts is impos-
sible due to detection limits. The majority of estimations of SFR functions at high z is
then made by using UV data with the addition of a correction for dust extinction; the
one which is commonly used is the UV spectral slope β (see Sect.2.2), that have been
exploited to determine an empirical average dust attenuation curve for a sample of local
UV bright star-forming galaxies (Calzetti et al., 1994, 2000). Meurer et al. (1999) and
Overzier et al. (2011) then used both UV and FIR data at low redshifts to empirically
calibrate the β-IRX relation: it turned out to be tight and broadly consistent with the
Calzetti attenuation law at low redshifts. Given that, the relation has been extrapolated
to higher redshifts to try to account for dust attenuation even where FIR data are not
yet on disposal. The problem in this case is that the corrections must take into account
all dust components, namely the one related to the presence of the diffuse cirrus, as
well as the one related to molecular clouds. Goldader et al. (2002), for example, found
that nearby ULIRGs strongly deviates from the Meurer β-IRX relation, having very
large IRX values and relatively blue β. At high redshifts, moreover, Reddy and Steidel
(2004) and Reddy et al. (2006, 2010, 2012), even finding that the β-IRX extinction
law was appropriate for the majority of LBGs at z ∼2, also pointed out that galaxies
with SFRs ψ < 100 M/yr showed systematic deviations from such relation. In general
galaxies that have been selected on the basis of their IR emission are found to deviate
from the Meurer/Calzetti attenuation law: in these cases the UV slope β correction lead
to strongly underestimate the global, intrinsic SFRs. In Chapter 3 we will present a dif-
ferent method to go beyond the redshift limit given by Herschel surveys, and estimate
the SFR functions on a redshift range 0 ≤ z ≤ 10.
2.4.6 Radio emission
Another tracer of star formation is the radio emission. It is separated into two contribu-
tions, the synchrotron and the free-free emission, and is unbiased with respect to dust
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extinction, being then a good tracer up to high redshifts. The synchrotron emission is
produced by SNe, and its legitimation as a reliable SFR tracer comes from its relation
with the FIR emission (see Helou et al., 1985; Condon, 1992; Yun et al., 2001; Ivison
et al., 2010; Jarvis et al., 2010; Bourne et al., 2011; Mao et al., 2011). Actually there
are many physical processes, such as propagation of relativistic electrons, strength and
structure of the magnetic field, size and composition of dust grains, that must cooper-
ate to produce this relation (Bell, 2003; Lacki et al., 2010). In addition the synchrotron
emission could be contaminated, even by a large factor, by faint nuclear radio activity,
and this would bias the estimation of the SFR.
Another radio SFR tracer is the free-free emission from the gas ionized by massive
young stars (Murphy, 2009; Murphy et al., 2015). Being directly proportional to the
production rate of ionizing photons it provides a direct measure of the SFR without the
complication of dust attenuation encountered in the optical/UV. It has a flat spectrum
and is expected to show up at frequencies of tens of GHz. The interpretation of data at
these frequencies may be complicated by the presence of “anomalous” dust emission
(Planck Collaboration XX et al., 2011, and references therein) attributed to spinning
dust grains (e.g., Draine and Lazarian, 1998). However a significant contribution of
this component to the global emission of galaxies has not been proved yet (Murphy
et al., 2012; Planck Collaboration XXV et al., 2015).
The radio emission in general suffers of contamination from AGN Radio Loud
population up to fluxes Slim ∼ mJy, and the present radio facilities are not yet able to
go much beyond this limit at ν=1.4 GHz, providing an unbiased estimation of SFRs
in star-forming galaxies. The current deepest radio surveys (see de Zotti et al., 2010,
for a review) have not been carried out at frequencies high enough, or are not deep
enough to see the transition from the synchrotron to the free-free dominance, but with
the advent of the Square Kilometer Array (SKA), and partially with its precursors,
it will be possible to efficiently select high-z star-forming galaxies via their free-free
emission at high frequencies, and via the synchrotron emission at low z.
Chapter 3
Star Formation Rate Functions
One of the principal ingredients that helps in understanding properly how galaxies
has formed and evolved is their history of star formation. In this chapter we analyze
the observations at disposal and use them to build up the SFR functions at different
redshifts up to z ∼10.
3.1 Reconstructing the intrinsic SFR function
From an observational point of view, the intrinsic SFR function N(logψ, z), namely the
number of galaxies per logarithmic bin of SFR [logψ, logψ+ d logψ] at given redshift
z, is mainly determined from pure UV or pure far-IR selected samples; we recall that
in both cases corrections come into play and must be taken into proper account to infer
the intrinsic SFR function.
As mentioned in 2.2, for SFRs ψ & 30 M yr−1, when the UV attenuation becomes
appreciable, the commonly used βUV-IRX correlation is found to be extremely dis-
persed, resulting in a very uncertain estimate of the attenuation even in local samples
(e.g. Howell et al., 2010; Reddy et al., 2015). On the other hand, the correlation is
found to be less scattered for SFRs ψ . 30 M yr−1, and the dust correction to UV
luminosity gets more secure and relatively small on the average. This is also suggested
by the UV attenuation inferred by combining Hα measurements with the Calzetti ex-
tinction curve (e.g. Mancuso et al., 2015; Reddy et al., 2015). For SFRs ψ & 102 M
yr−1 the cold diffuse IR emission from the dusty cirrus is not that important even at
low z. The same conclusion holds for high redshift z ∼ 1.5 − 3 star-forming galaxies
with SFR ψ & 30 M yr−1, as it emerges from the analysis of the ALESS survey by
Swinbank et al. (2014) and da Cunha et al. (2015, see their Fig. 10), who find dust
temperatures in excess of 30 K.
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Given that, we build up the intrinsic SFR function N(logψ, z) as follows. We start
from the most recent determinations of the luminosity functions at different redshifts
from far-IR and UV data (the latter being dust-corrected according to the βUV-IRX re-
lation, see Meurer et al. (1999); Bouwens et al. (2009, 2015); the outcome is illustrated
in Fig. 3.1. The SFR ψ and the associated luminosity Lψ reported on the upper and
lower axis have been related assuming the calibration
log
ψ
M yr−1
≈ −9.8 + log Lψ
L
, (3.1)
approximately holding both for far-IR and (intrinsic) UV luminosities (see Kennicutt
and Evans, 2012b).
Figure 3.1 The SFR function at redshifts z≈ 0-3: Solid cyan lines illustrate our fits to
the global (IR+UV) SFR functions, while violet dashed lines refer to the purely UV-
inferred SFR functions. UV data (dust-corrected; violet symbols) are from Wyder et al.
(2005, open diamonds), Cucciati et al. (open inverse triangle 2012), Oesch et al. (open
squares 2010), Alavi et al. (2014, open pentagons), Reddy and Steidel (2009, open
stars), van der Burg et al. (2010, spirals), Hα data (green symbols) from Ly et al. (2011,
pacmans), Sobral et al. (2013, clovers), and IR data (red symbols) from Magnelli et al.
(2013, filled circles), Gruppioni et al. (2013, filled squares), Lapi et al. (2011, filled
stars).
At redshift z . 3, we lack a robust determination of the SFR function at intermedi-
ate values of the SFR. On the one hand, UV data almost disappear for SFRs ψ & 30 M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Table 3.1 SFR Function Parameters. Note:quoted uncertainties are at 1 σ level. Fits
hold in the range SFR ψ ∼ 10−2 − 104 and redshifts z ∼ 0-8.
Parameter Intrinsic UV (dust-corrected)
p0 p1 p2 p3 p0 p1 p2 p3
logN (z) −2.48 ± 0.06 −6.55 ± 1.17 12.98 ± 3.49 −8.19 ± 2.48 −1.96 ± 0.07 −1.60 ± 1.44 4.22 ± 3.66 −5.23 ± 2.48
logψc(z) 1.25 ± 0.05 5.14 ± 0.60 −3.22 ± 1.64 −1.81 ± 1.16 0.01 ± 0.05 2.85 ± 0.94 0.43 ± 2.40 −1.70 ± 1.61
α(z) 1.27 ± 0.01 2.89 ± 0.23 −6.34 ± 0.66 4.33 ± 0.46 1.11 ± 0.02 2.85 ± 0.48 −6.18 ± 1.26 4.44 ± 0.83
yr−1 because of dust extinction (with dust corrections becoming progressively uncer-
tain). On the other hand, far-IR data progressively disappear for SFRs . 102 M yr−1
because of current observational limits. At higher redshift z & 4, once more UV sur-
veys can afford reliable estimate of the SFR function for SFRs ψ . 30 M yr−1, but we
lack far-IR data deep enough to statistically probe the high-SFR end.
To obtain an analytic rendition of the intrinsic SFR function in the full range of
SFRs ψ ∼ 10−1− several 103 M yr−1 and redshift z ∼ 0 − 10, we perform a least χ2-fit
to the data with a standard Schechter functional shape
N(logψ) = N (z)
[
ψ
ψc(z)
]1−α(z)
e−ψ/ψc(z) . (3.2)
The fit is educated, meaning that for redshift z . 3, where both UV and far-IR data are
present, we consider as reliable the UV data (dust-corrected according the βUV-IRX
ratio) for SFRs ψ . 30 M yr−1, and the far-IR data for SFRs ψ & 102 M yr−1. As for
higher redshift, we make the assumption that at z & 8 the (dust-corrected) UV data are
reliable estimators of the intrinsic SFR function. This assumption relies on the fact that
with an age of the Universe shorter than 6×108 yr, the amount of dust in a star-forming
galaxy is expected to be rather small (see Sect. 4.2).
Equipped with such values of the Schechter parameters at redshift z . 3 and z & 8,
we fit their evolution with a polynomial in log-redshift; in other words, for any param-
eter p(z) of the Schechter function, say N (z), ψc(z), or α(z), we fit for the functional
shape
p(z) = p0 + p1 ξ + p2 ξ2 + p3 ξ3 , (3.3)
where ξ ≡ log(1 + z). The outcomes of the fits are reported in Table 3.1.
This procedure, based on the assumption of analytical continuity of the intrinsic
SFR function, yields a rendition that works pleasingly well for z . 3 and z & 8, see
Figs. 3.1 and 3.2; moreover, we end up with an estimate for the behavior of the SFR
function at z ∼ 4 − 8 where sampling by far-IR surveys is absent. In such a redshift
range, this estimate implies a significant number density of dusty star-forming galaxies
with SFR ψ & 102 M yr−1, currently missed by UV data (even corrected for dust
extinction). To highlight more clearly this point, we also report in Figs. 3.1 and 3.2
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the SFR function that would have been inferred basing solely on dust-corrected UV
data over the full redshift range z ≈ 0 − 10. Plainly, at any redshift z . 7 UV data,
even corrected for dust extinction basing on the UV slope, strongly underestimate the
intrinsic SFR function for SFRs ψ & 30 M yr−1.
Figure 3.2 The SFR function at redshifts z≈ 4-10: Solid cyan lines illustrate our deter-
mination of the the global (IR+UV) SFR functions, while violet dashed lines illustrate
our fits to the SFR function from (dust-corrected) UV data. UV data (dust-corrected;
violet symbols) are from Bouwens et al. (2015, open circles) and Finkelstein et al.
(2015a, open inverse triangles). Filled symbols represent the number density associ-
ated to the detection of individual galaxies with spectroscopic redshift determination
(see text for details): violet ones refer to galaxies selected in UV/Lyα from Finkel-
stein et al. (2013, star), Ouchi et al. (2013, pentagon), Ono et al. (2012, inverse tri-
angle),Oesch et al. (2015, pacman); red ones refer to galaxies selected in IR/sub-mm
from Riechers et al. (2014, square), Cooray et al. (2014, diamond).
Circumstantial evidence for such a population of dusty star-forming galaxies at z &
4 is accumulating over the recent years. Riechers et al. (2014) detected a dust obscured
galaxy at z ≈ 5.3 with SFR ψ ≈ 1100 M yr−1 and stellar mass M? ≈ 1010 M. Cooray
et al. (2014) detected a second one at z ≈ 6.34 with SFR ψ ≈ 1320 M yr−1 and stellar
mass M? ≈ 5 × 1010 M. It is remarkable that the inferred number densities for these
objects, though within the considerable uncertainties, agree with the prediction of our
intrinsic SFR function, while being substantially higher than the expectations from the
purely UV-inferred one (see Fig. 3.2).
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At lower levels of SFRs, moderately dusty galaxies start to be selected even in the
UV, especially at high redshift z & 7. For example, Finkelstein et al. (2013) detected
one at z ≈ 7.51 with SFR ψ ≈ 200 M yr−1 and stellar mass M? ≈ 6 × 108 M. Oesch
et al. (2015) revealed one at z ≈ 7.73 with SFR ψ ≈ 30 − 50 M yr−1 and stellar
mass M? ≈ 5 × 109 M. Ouchi et al. (2013) detected another one at z ≈ 6.6 with
SFR ψ ≈ 60 M yr−1 and stellar mass M? ≈ 1010 M. Ono et al. (2012) detected one
at z ≈ 7.2 with SFR ψ ≈ 60 M yr−1 and stellar mass M? ≈ 3 × 108 M. Intense
search is currently going on, with an appreciable number of candidates being found
(see Roberts-Borsani et al., 2016; Zitrin et al., 2015). The number densities of these
galaxies are consistent with the UV-corrected SFR function, that at these high redshift
approaches the intrinsic one.
We stress that while the focus of the present work is mainly on the bright portion
of the intrinsic SFR function at high-redshift, the faint end as sampled by UV data is
essential to understand important issues both in astrophysics/cosmology like the his-
tory of cosmic reionization (e.g. Cai et al., 2014; Robertson et al., 2015) and even in
fundamental physics like the nature of dark matter (e.g. Lapi and Danese, 2015).
3.1.1 Validating the SFR functions via indirect observables
We decided to validate our intrinsic SFR function via comparison with the observed
(sub-)mm counts, redshift distributions, and cosmic infrared background. We com-
puted the counts according to the expression (see Lapi et al., 2011, see also the Ap-
pendix of this thesis)
dN
d log S ν dΩ
(S ν) =
∫
dz
dV
dz dΩ
N(logψ)
d logψ
d log S ν
(3.4)
in terms of the flux
S ν =
Lν (1+z)
Lψ
(1 + z)
4piD2L(z)
; (3.5)
in the above N(logψ) is the SFR function, dV/dz dΩ is the cosmological volume per
redshift bin and unit solid angle, Lψ is the bolometric luminosity associated to the
SFR ψ according to Eq. (3.1), and Lν (1+z)/Lψ is the K−correction. The latter has been
computed basing on the spectral energy distribution (SED) typical of a high-redshift,
dust-obscured star-forming galaxy; specifically, we considered as a reference the SED
of the ‘Cosmic Eyelash’ (SMM J2135+0102; see Swinbank et al., 2010; Ivison et al.,
2010), but we shall show the impact of assuming a different SED. Actually, for the
sources located at z . 0.3 and contributing only to the very bright counts probed by
Planck Collaboration VII et al. (2013), we have adopted the warmest SED from the
template library by Smith et al. (2012).
We have also evaluated the contribution to the counts from strong galaxy-scale
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gravitational lensing, according to the SISSA model (cf. Lapi et al., 2012, see also the
Appendix of this thesis); the lensed counts are computed as
dNlensed
d log S ν dΩ
(S ν) =
∫
dz
1
〈µ〉
∫ µmax
2
dµ
dp
dµ
(µ, z)
dNunlensed
d log S ν dΩ dz
(S ν/µ, z) . (3.6)
Here dp/dµ is the amplification distribution and 〈µ〉 is its average (≈ 1 for a wide-area
survey); a maximum amplification of µmax ≈ 25 has been adopted (see Cai et al., 2013;
Bonato et al., 2014).
The Euclidean-normalized, differential counts at various wavelengths λ ≈ 500, 850,
1100, and 1400 µm are plotted in Fig. 3.3. We find an excellent agreement of the counts
derived from our intrinsic SFR function with various observational data (see details in
the caption). By contrast, we also show that the counts expected from the UV-inferred
SFR function considerably under-predict the data at the bright end. Note that, to make
the contribution to the counts from the UV-inferred SFR function as large as possible,
we have assumed that all the UV emission is reprocessed by dust and reradiated in the
far-IR according to the coldest SED from the template library by Smith et al. (2012).
We remark that the counts at λ & 850 µm for fluxes & several mJy are substantially
contributed by galaxies located at z & 3. This is shown in detail by the redshift distri-
butions presented in Fig. 3.4, that peak at z ≈ 3 − 4 with a substantial tail at higher z.
Specifically, we find a good agreement of our results based on the intrinsic SFR func-
tion with the 1400 µm ALMA-SPT data at a flux limit of & 20 mJy, constructed from a
sample of 26 galaxies with spectroscopic redshifts (Weiß et al., 2013). The redshift dis-
tribution is essentially contributed by gravitationally lensed sources, and it constitutes
an extremely important test of the intrinsic SFR function up to z ≈ 6. Note that the
lensed counts would be strongly underestimated when basing on the (dust-corrected)
UV-inferred SFR function (cf. Fig. 3.3, bottom right panel). We also find good agree-
ment with the 850 µm data from SCUBA-2 by Koprowski et al. (2016) at a limiting
flux of & 2 mJy, and from AzTEC-LABOCA data by Koprowski et al. (2014, see also
Smolcˇic´ et al. (2012)) at a flux limit of & 8 mJy, that constitute a sample of about 100
sources with mostly photometric redshifts. Note that, given the nonhomogeneous na-
ture and the diverse systematics affecting the data sets exploited to build up the number
counts and redshift distributions, a formal minimum χ2 fit is not warranted.
In Fig. 3.5 we show that the cosmic infrared background at 500, 850, and 1400 µm
as derived from our intrinsic SFR function is consistent with the measurements by
Fixsen et al. (1998, see also Lagache et al. (1999), PlanckCollaborationXVIII, Planck-
CollaborationXXX). As extensively discussed by Lapi et al. (2011, see their Fig. 19),
the evolution with redshift of the background highlights that for λ & 500 µm it is mostly
contributed by high-redshift galaxies down to z ≈ 2− 3. This trend strengthens as λ in-
creases; in particular, at 1400 µm about 50% of the background is contributed by dusty
3.1. RECONSTRUCTING THE INTRINSIC SFR FUNCTION 31
Figure 3.3 Euclidean-normalized differential number counts at 500 (top left), 850
(top right), 1100 (bottom left), and 1400 µm (bottom right): Magenta lines refer to
the counts derived from our intrinsic SFR function; the contribution to the total counts
(solid) from strongly lensed galaxies (dashed) is highlighted. The triple dot-dashed red
line is the contribution to unlensed counts from galaxies at z & 3. The blue dotted line
refers to the counts derived from the UV-inferred SFR function. Data (gold symbols)
are from Planck Collaboration VII et al. (filled circles 2013), Herschel /HerMES by
Béthermin et al. (2012, filled squares), Herschel /ATLAS by Clements et al. (2010,
filled pentagons), SCUBA by Coppin et al. (2006, filled stars) and by Noble et al.
(2012, filled reverse triangles), LABOCA by Weiß et al. (2009, open circles), ALMA
by Karim et al. (2013, open clovers), Simpson et al. (2015, open squares), Hatsukade
et al. (2016, exagons) and Fujimoto et al. (2016, filled diamonds), AzTEC by Scott
et al. (2012, filled pacmans), and SPT by Mocanu et al. (2013, filled triangles).
galaxies at z & 3; this fraction would drop dramatically to less than 10% basing on the
(dust-corrected) UV-inferred SFR function.
All in all, the agreement with the observed counts, redshift distributions (including
lensed sources), and cosmic infrared background constitutes a robust validation of our
intrinsic SFR function in a range of SFRs and redshift where the far-IR data on the
luminosity function are still not available.
Two remarks are in order. First, we have investigated the impact of using different
SEDs typical of star-forming, dust-obscured galaxies, namely, the Cosmic Eyelash (our
reference, see Sect. 2.3), the average from the ALESS sample (Swinbank et al., 2014;
da Cunha et al., 2015; Rangwala et al., 2011), and the local ULIRG+Seyfert1 galaxy
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Mrk231 (e.g. Polletta et al., 2007). In Fig. 3.6 we show that the effect on the steep
part of the 850 µm counts (mostly contributed by z & 2 − 3) is small when changing
from the Eyelash to the ALESS (or Arp220) SED; the same holds at any λ & 500 µm,
since for galaxies at z & 2 − 3 the SEDs are quite similar in the corresponding range of
rest-frame wavelengths (see Fig. 2.5). On the contrary, considering a SED shape like
that of Mrk231, which exhibits more power in the mid-IR regime, would appreciably
underpredict the (sub-)mm counts. Second, we point out that the contribution of active
galactic nuclei (AGNs) is marginally relevant as to the above statistics. The argument
have been extensively treated in Sect.2.3.
In this respect, an approach similar to the already mentioned one by Delvecchio
et al. (2014) have been exploited by Gruppioni et al. (2015) in the COSMOS and
GOODS-S fields of the PEP and HerMES/Herschel surveys: they subtracted the AGN
emission on an object-by-object basis, and then reconstructed the bright end of the SFR
function at z . 3 (cf. hexagons in Fig. 3.1); as a matter of fact, their outcomes agree
with our SFR function, again indicating that the AGN contribution is irrelevant.
3.1.2 Validating the SFRF via the continuity equation
We now turn to validate our intrinsic SFR function by exploiting the observed stellar
mass function at z & 4. The SFR and stellar mass functions are naturally related via
the continuity equation, along the lines already pursued for lower redshifts by Aversa
et al. (2015, see also Leja et al. (2015)). The continuity equation has been originally de-
vised for connecting the AGN statistics to the demographics of both active and dormant
supermassive black holes; recently, it has been also applied with remarkable success
to link the evolution of the galaxy SFR function N(ψ, t) to the stellar mass functions
N(M?, t) of active and passively-evolving galaxies across cosmic times. We defer the
reader to the paper by Aversa et al. (2015) and to the Appendix of this thesis for an
extensive discussion of this approach.
In summary the continuity equation in integral formulation can be written as
N(ψ, t) =
∫ ∞
0
dM? [∂tN(M?, t)]
dτ
dψ
(ψ|M?, t) ; (3.7)
here t is the cosmological time corresponding to redshift z, τ is internal galactic time
(i.e., the time elapsed since the triggering of significant star formation) and dτ/dψ is the
time spent by a galaxy with current stellar mass M? in the SFR range [ψ, ψ+ dψ] given
a star formation history ψ = ψ(τ|M?, t). Since we are mainly interested in the high-
redshift z & 4 evolution of the mass function, we have neglected any source term due to
‘dry’ merging, i.e., events adding the whole mass content in stars of merging galaxies
without contributing significantly to luminosity associated with star formation.
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As for the star formation history ψ(τ|M?, t), Aversa et al. (2015) have consid-
ered the standard, time-honored assumptions of a constant, or exponentially increas-
ing/decreasing SFR. Here we follow the indications emerging from recent studies of
SED-modeling (e.g. Papovich et al., 2011; Smit et al., 2012; Moustakas et al., 2013;
Steinhardt et al., 2014) for a slow, power-law increase of the SFR with a characteristic
time τ?, in the form
ψ(τ|M?, t) = ψ?
(
τ
τ?
)κ
ψ? =
M? (κ + 1)
τ?
, (3.8)
with κ ≈ 0.5; the second equation above just links the normalization ψ? of the SFR
history to the current stellar mass M?. However, we checked that our results do not
depend on this specific representation. The quantity dτ/dψ entering the continuity
equation reads
dτ
dψ
(ψ|M?, t) = τ
1+1/κ
?
κ
ψ−1+1/κ
[(1 + κ) M?]1/κ
ΘH
[
ψ ≤ (1 + κ) M?
τ?
]
; (3.9)
the Heaviside function ΘH[·] specifies that a galaxy with current mass M? cannot have
shone at a SFR ψ exceeding M? (κ + 1)/τ?.
At the high redshifts z & 4, of interest here, the stellar mass function is dominated
by actively star-forming galaxies; thus we adopt the star-formation timescale τ? in-
ferred from the observed main-sequence ψ − M? (e.g. Rodighiero et al., 2011, 2014;
Whitaker et al., 2014; Renzini and Peng, 2015; Speagle et al., 2014). Such a timescale
τ? = τ?(ψ, t) is itself a function of the SFR/stellar mass and cosmic time.
We exploit the determination of the main sequence by Speagle et al. (2014), which
takes into account many samples with different primary selections (UV, optical, far-IR;
cf. their Table 3). This is a good representation of the statistical average relationships
between SFR and stellar mass for galaxies over their lifetime (see also Koprowski et al.,
2016). Note that in the Speagle et al. determination, ’off-main sequence’ galaxies are
accounted for by a scatter of 0.3 dex around the median relation, which is in turn
dependent on redshift (see also Muñoz and Peeples, 2015; da Cunha et al., 2015).
We point out that at lower redshifts z . 1.5 it would be important to take the fraction
of passively-evolving galaxies into account for obtaining sound estimates of the relic
stellar mass function from the continuity equation (see Aversa et al., 2015; Leja et al.,
2015). We also stress that τ? is in general different from the total duration of the star-
formation episode over which most of the stellar mass is accumulated. More in detail,
the two timescales are both quite close to a few 108 yr for massive galaxies, which
typically formed their stars in a violent burst with SFR ψ & 102 M yr−1; but they
can be appreciably different for less massive objects, which typically formed steadily
their stars at much lower rates ψ . 10 M yr−1 over several Gyrs. Thus the total
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burst duration is an inverse function of the stellar mass in accord with the standard
downsizing picture (e.g. Cowie et al., 1996), while the star-formation timescale from
the main sequence ψ ∝ M0.8? is a slow direct function of the stellar mass or of the
time-averaged SFR, namely, τ? ∝ M0.2? ∝ 〈ψ〉0.25. From a physical point of view, the
latter dependence reflects the brevity of the condensation/dynamical timescales within
the shallower potential wells of smaller mass halos, that are typically virialized earlier
according to the standard structure formation paradigm (see Fan et al., 2010).
The solution of the continuity equation can be worked out under the same route
followed in Aversa et al. (2015), to obtain
N(log M?, t) = −κ (1+κ)1/κ M1/κ?
∫ t
0
dt′
∂lnψ
fτ?
N(logψ, t)ψ−1/κ
τ1+1/κ?
∣∣∣ψ=(1+κ) M?/τ? , (3.10)
with the shorthand fτ? ≡ 1 + ∂logψ[log τ?]; this is in its stand a novel result, although
we note that the differences in the outcome relative to a constant or exponential SFR
are minor. Similarly, the value of the power-law index κ is marginally relevant if varied
from the fiducial value κ = 0.5 within the range from 0 (constant SFR) to 1 (linearly
increasing SFR).
In Fig. 3.7 we show the resulting stellar mass function at z & 4 when using as
input our intrinsic SFR functions. The outcome is compared with the determination of
the mass function at z ≈ 4 − 8 by (González et al., 2011; Grazian et al., 2015; Song
et al., 2015; Stefanon et al., 2015). The agreement is particularly good with the near-IR
selected samples based on HST/WFC3/IR and Spitzer data by Grazian et al. (2015,
see also Duncan et al. (2014) and Caputi et al. (2015)), when the scatter of 0.3 dex
around the median main sequence relation suggested by Speagle et al. (2014) is taken
into account.
Notice that the stellar mass functions by González et al. (2011) and Song et al.
(2015) are instead obtained from UV-selected samples by combining the observed UV
luminosity function with the MUV − M? relationship. Even including a scatter of 0.4
dex in the latter relation as adopted by Song et al. (2015), the stellar mass function is
still appreciably lower at the high-mass end with respect to the determination based on
near-IR samples; this is due to the underestimation of the luminosity function at the
bright end by UV surveys, because of insufficient corrections for dust extinction.
We stress that the number density of massive galaxies M? ≈ 1011 M is still quite
high at z ≈ 5, amounting to about ≈ 10−5 Mpc−3. Then this value is expected to drop
around ≈ 5× 10−8 Mpc−3 at z ≈ 7, to ≈ 2× 10−9 Mpc−3 at z ≈ 8, and to less than 10−10
Mpc−3 at z ≈ 10; this is mainly due to the rapid falloff of the halo mass function at these
high redshifts. However, at z & 6 data are still uncertain, but reliable measurements will
become feasible with next generation instruments; in particular, the JWST will allow
to determine stellar masses M? & 1010 M up to z ∼ 7 (see Caputi, 2011). This will
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eventually allow a detailed validation of the intrinsic SFR function via the continuity
equation at these extremely high redshift.
On the other hand, the SFR functions inferred solely from UV data, even corrected
for dust extinction, strongly underpredict the observed stellar mass function for M? &
a few 1010 M at z . 5. This demonstrates that at these redshifts the strong suppression
of the bright end in the UV-inferred SFR function with respect to the intrinsic one must
be traced back to star formation in dust enshrouded environments, and cannot be related
to any form of feedback, like that from SNe or AGNs, that instead would anyhow lower
the stellar mass. In the redshift range z ∼ 6 − 8 the intrinsic SFR function approaches
the UV-inferred one, and particularly so at z & 7 (cf. Fig. 3.1); as a consequence, the
continuity equation implies that the stellar mass functions derived from the intrinsic
or the UV (dust-corrected) SFR functions are both consistent with the observational
determinations within their large uncertainties (cf. Fig. 3.7).
3.2 Linking to the halo mass via the abundance match-
ing
We now connect the SFR and stellar mass function of active galaxies with the statis-
tics of the underlying, gravitationally dominant DM halos. We exploit the abundance
matching technique, a standard way of deriving a monotonic relationship between
galaxy and halo properties by matching the corresponding integrated number densi-
ties (e.g. Vale and Ostriker, 2004; Shankar et al., 2006; Moster et al., 2013; Behroozi
et al., 2013).
We derive the relationship M?(MH, z) between the current stellar mass M? and the
halo mass MH by solving the equation (see Aversa et al., 2015, for details, see also the
Appendix to this thesis) ∫ ∞
log M?
d log M′? N(log M
′
?, z) =∫ +∞
−∞
d log M′H N(log M
′
H, z)
1
2
erfc
 log[MH(M?)/M′H]√2σlog M?
 ,
(3.11)
which holds when a lognormal distribution of M? at given MH with dispersion σlog M?
is adopted; we follow previous studies based on the abundance matching technique
(see references above) and fiducially take σlog M? ≈ 0.15. In Eq. (3.11) the quantity
N(log MH, z) is the galaxy halo mass function, i.e., the mass function of halos host-
ing one individual galaxy (see Aversa et al., 2015); actually, for z & 4 and for the
halo masses of interest here, it coincides with the standard halo mass function from
cosmological N−body simulations (e.g. Tinker et al., 2008).
36 CHAPTER 3. STAR FORMATION RATE FUNCTIONS
The same technique may also be applied to look for a relation ψ(MH, z) specifying
the typical SFR ψ in a halo of mass MH at redshift z. However, when dealing with
the SFR, one has to take into account that active galaxies shine with a characteristic
star-formation timescale τ?(ψ, z) which may be smaller than the cosmic time t(z). In
practice, one can still rely on Eq. (3.11) by substituting: the current stellar mass with
the SFR, i.e., M? → ψ; the stellar mass function with the SFR function divided by the
SFR timescale, i.e., N(log M?, z) → N(logψ, z)/τ?(ψ, z); and the halo mass function
with the halo creation rate (see Lapi et al., 2013), i.e., N(log MH, z)→ ∂+t N(log MH, z).
In Fig. 3.8 (top panels) we show the resulting M? − MH and ψ − MH relationships.
Note that these relationships refer to active star-forming galaxies, while Aversa et al.
(2015) have presented the corresponding outcomes for the total population including
objects in passive evolution; as expected, for active galaxies the SFR at given halo mass
is higher.
The most remarkable feature of these relationships is the little if no evolution with
redshift at given MH; this clearly indicates that the star formation in galaxies at high
redshift z & 4 is regulated by similar, in-situ processes (Moster et al., 2013; Aversa
et al., 2015), and not by merging or gas infall from cosmological scales. The insets
illustrate the sSFR= ψ/M?, and the star formation efficiency, i.e., the current stellar to
baryon ratio M?/(0.16 × MH), as a function of MH.
The latter highlights that star formation in galaxies is an extremely inefficient pro-
cess, i.e., only a small amount of the available baryon content of a halo is converted into
stars. From a physical point of view, this is usually interpreted in terms of competi-
tion between cooling and heating processes. In low-mass halos, heating is provided
by energy feedback from SN explosions, that regulate star formation at slow rates
ψ . 10 M yr−1 over timescales of several Gyrs. In massive halos, cooling rates are
not significantly offset by SN feedback, yielding the well-known overcooling problem
(Cirasuolo et al., 2005; Dutton et al., 2015, for a recent discussion). This motivated a
number of authors (Granato et al., 2004; Di Matteo et al., 2005; Lapi et al., 2006, 2014)
to propose that the star formation can proceed at much higher levels ψ & 30 M yr−1
over several 108 yr, until the central AGN attains enough power to shine as a quasar,
quenching the SFR abruptly and sweeping away most of the gas and dust content (e.g.
Shankar et al., 2006; Aversa et al., 2015). On the contrary, neglecting quasar feedback
in large halos would produce stellar masses well above the observed values.
We stress that the abundance matching relationships derived on the basis of the
intrinsic and UV-inferred SFR function differ, marginally at z & 7 but considerably
at z ≈ 4. It is extremely important to take such differences into account for a proper
interpretation of the observational data in terms of galaxy formation scenarios. For
example, consider a galaxy with stellar mass of M? ≈ 1011 M at z ≈ 5, whose number
density is of order ≈ 10−5 Mpc−3 (see Duncan et al., 2014; Grazian et al., 2015). From
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the M? − MH relationship (cf. Fig. 3.8, top right), the host halo is seen to feature a
mass of MH ≈ a few 1012 M. Moreover, according to the ψ − MH relationship with
its 0.3 dex scatter (cf. Fig. 3.8, top left), the SFR turns out to be ψ ≈ 500 − 1000 M
yr−1 when basing on the intrinsic SFR function, but only of order ψUV ≈ 50 − 100 M
yr−1 when relying on the UV-inferred one; the corresponding SFR timescales M?/ψ
amounts to ≈ 108 yr and 109 yr, respectively. Given that the age of the Universe at
z ≈ 5 is of order 1.2 Gyr, the UV-inferred solution would require star formation to
occur well in advance of the initial halo virialization, and/or extreme assumptions on
the star formation efficiency or halo occupation (Steinhardt et al., 2016). On the other
hand, the solution based on the intrinsic SFR function yields a formation redshift of the
host halos zform ≈ 5.4; the corresponding halo number density for MH ≈ a few 1012 M
reads ∼ 10−5 Mpc−3, in agreement with the stellar mass functions observed at z ≈ 5 for
M? ≈ 1011 M wherefrom the argument started.
The abundance matching relationships are also fundamental to interpret the clus-
tering signal associated with high-z dusty galaxies (see Fig. 3.8, bottom panel). Specif-
ically, we find that at z ≈ 4− 5 galaxies endowed with SFR ψ & 100− 300 M yr−1 and
M? & 1011 M are typically hosted within halos of MH & a few 1012 M, which are
extremely biased and clustered. We note that on the basis of the observed clustering
signal, Hildebrandt et al. (2009) and Bian et al. (2013) instead associate the same halo
masses to galaxies selected with UV magnitudes MUV . −21; when using the dust
correction based on the UV slope, they estimate a corresponding SFR ψ ≈ 30 − 50 M
yr−1. This low value of the intrinsic SFR is underestimated because of an incomplete
dust-correction applied to UV-selected samples (cf. Fig. 3.8, top left panel), and would
raise again an issue on the star formation timescale (see above; Steinhardt et al., 2016).
From the top panels of Fig. 3.8 it is apparent that, when the abundance matching
is performed by exploiting the intrinsic SFR function, the evolution with redshift of
SFR and stellar mass at fixed halo mass is small and well within the errors determined
by observations. On the other hand, the evolution is amplified when the abundance
matching is performed by exploiting the (dust-corrected) UV-inferred SFR function.
The latter case would imply an increasing star-formation efficiency with redshift, which
is reminiscent of the claim by Finkelstein et al. (2015b). On the contrary, we find no
evolution (within errors) of the star-formation efficiency when basing on the intrinsic
SFR function.
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Figure 3.4 Redshift distributions at 850 (top panel) and 1400 µm (bottom panel):
At 850 µm magenta lines refer to a limiting flux of 2 mJy and blue lines to a limit-
ing flux of 8 mJy, with the contribution to the total (solid) from strong galaxy-scale
gravitational lensing (dashed) highlighted; data are from AzTEC-LABOCA by Ko-
prowski et al. (2014, stars), and from SCUBA-2 by Koprowski et al. (2016, diamond).
At 1400 µm blue lines (solid and dashed are superimposed) refer to a limiting flux of
20 mJy; data are from ALMA-SPT by Weiß et al. (2013, stars) .
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Figure 3.5 Contribution to the the cosmic infrared background: it is shown at 500
(magenta), 850 (blue), and 1400 µm (green) from redshift greater than z, as derived
from our intrinsic SFR function, compared with the observational determinations at
z ≈ 0 (stars, slightly offset in redshift for clarity) by Fixsen et al. (1998, see also
Lagache et al. (1999)).
Figure 3.6 Effect of varying the SED on the total 850 µm counts: data points as in
Fig. 3.3.
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Figure 3.7 The stellar mass function at redshifts z≈ 4-10 (color-coded): it has been
obtained via the continuity equation from the intrinsic (solid) or UV-inferred (dotted)
SFR function considering a scatter of σMS ≈ 0.3 dex around the median main sequence
relationship; at z ≈ 4 the outcome from the intrinsic SFR function with σMS ≈ 0 is
highlighted by the dashed red line. Data of the stellar mass functions (see text for
details) are from Grazian et al. (2015, circles), Song et al. (2015, squares), Stefanon
et al. (2015, inverse triangles), Caputi et al. (2015, stars), and González et al. (2011,
diamonds).
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Figure 3.8 The relationship ψ − MH (top left panel): it is the relation between SFR
(right axis shows the corresponding uncorrected UV magnitude) and host halo mass at
different redshift z ≈ 4 − 8 (color-code), as derived from the abundance matching of
the halo mass function to the intrinsic SFR function (solid lines) or to the SFR function
inferred from (dust-corrected) UV data (dotted lines); the inset illustrates the corre-
sponding sSFR= ψ/M? vs. the halo mass. The relationship M? − MH (top right
panel): the same as before, this time between stellar mass and host halo mass. The
inset illustrates the corresponding star-formation efficiency, i.e., the stellar to baryon
fraction M?/(0.16 × MH) vs. the halo mass. In both top panels, the error bars repre-
sent the typical uncertainty. The evolution with redshift of the clustering bias (bot-
tom panel): the results are shown for halos (green) with DM mass exceeding 1010.5
(solid), 1011.5 (dashed) and 1012.5 M (dotted), for galaxies (cyan) with SFR exceeding
3 (solid), 30 (dashed) and 300 M yr−1 (dotted), and for galaxies (orange) with stellar
masses exceeding 109 (solid), 1010 (dashed), and 1011 M (dotted). Data for FIR/(sub-
)mm galaxies (stars) are from Weiß et al. (2009), Hickox et al. (2012), Ono et al. (2014),
Bianchini et al. (2015), for LBGs (circles) from Ouchi et al. (2004), Adelberger et al.
(2005), Lee et al. (2006), Overzier et al. (2006), Bielby et al. (2013), Barone-Nugent
et al. (2014), and for LAE (diamonds) from Gawiser et al. (2007), Ouchi et al. (2010),
and Guaita et al. (2010).
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Chapter 4
Hunting dusty star-forming
galaxies at high-z
In previouses chapters we have stressed the relevance of probing the statistics of galax-
ies at z ∼ 4 − 6 with SFRs ψ & 102 M yr−1, that contribute substantially to the high-
mass end of the stellar mass function. Since most of these galaxies with high SFRs
are likely dust-enshrouded, exploiting IR data is mandatory to fully assess the intrinsic
SFR function. How to achieve this goal in practice, given the current and upcoming
observational facilities in the far-IR/(sub-)mm and/or UV band, constitutes the issue
addressed in this chapter.
4.1 Selecting dusty galaxies in the far-IR/(sub-)mm band
As a starting point, in Fig. 4.1 (top panel) we illustrate the redshift evolution for our ref-
erence SED (see Sect. 2.3). The SED has been normalized so that the far-IR emission
in the range 3 − 1100 µm corresponds to a SFR of ψ ≈ 1 M yr−1.
We have illustrated the positions on the SED of the observational wavelengths for
various instruments of interest here : 250, 350, and 500 µm for the SPIRE instrument
on board of Herschel ; 450 and 850 µm for the SCUBA-2 instrument at the JCMT;
∼ 1100 µm for the AzTEC at the LMT; 1400 µm for the SPT ; and 850, 1400 and
3000 µm for ALMA. We have also highlighted 5σ detection limits for such instruments
(attained in the deepest large-scale surveys undertaken so far or upcoming): S 250 ≈ 35
mJy, S 350 ≈ 40 mJy, and S 500 ≈ 50 mJy for SPIRE; S 450 ≈ 8 mJy and S 850 ≈ 2 mJy
for SCUBA-2 ; S 1100 ≈ 1 mJy for AzTEC; S 1400 ≈ 20 mJy for SPT ; S 850 ≈ 0.42,
S 1400 ≈ 0.11, and S 3000 ≈ 0.02 mJy for ALMA (500 hours on 100 arcmin2).
The accurate determination of the spectroscopic redshift for a large sample of dusty
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Figure 4.1 The SED of a typical high-z, dust-obscured star-forming galaxy (top
panel): it is located at redshift z ≈ 1 (green), 3 (orange), 5 (cyan), and 7 (blue),
normalized to a SFR ψ = 1 M yr−1 in the range λ ≈ 3 − 1100 µm. Colored sym-
bols illustrate the values of the SED at different operating wavelengths for various in-
struments: SPIRE/Herschel (circles), SCUBA-2 (diamonds), AzTEC (triangles), SPT
(squares), and ALMA (stars). The corresponding 5σ sensitivities are shown by the
black symbols with arrows. SED colors S ν,1/S ν,2 as a function of redshift (bottom
panel): they have been exploited for Herschel and SCUBA-2 preselection of dusty
galaxies; different lines refer to 500/350 (orange) and 850/450 (cyan) colors. Ar-
rows indicate the redshift ranges where red galaxies are preferentially located. Data
are from ALMA /ALESS by Swinbank et al. (orange stars 2014) and from SCUBA-2
by Koprowski et al. (cyan diamonds 2016); in the upper right corner the typical data
uncertainty on the median is reported.
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galaxies is a major problem. In order to probe the bright end of the SFR function at
z & 3, a strategy could be to preselect high-redshift sources using flux/color criteria
from surveys conducted with Herschel or SCUBA-2, and then perform a more accurate
photometric (or even spectroscopic) redshift determination with observations on source
by, e.g., AzTEC and ALMA.
Commonly used preselection criteria (e.g. Dowell et al., 2014; Asboth et al., 2016)
for high-redshift sources based onHerschel photometry involve to look for ‘350−peakers’
defined as sources with S 350/S 250 & 1 and S 500/S 350 . 1, or ‘500−risers’ defined as
sources with S 350/S 250 & 1 and S 500/S 350 & 1. Actually, the uncertainties in the
flux measurements make the distinction between peakers and risers quite loose; more-
over, at z & 4 the channel at 250 µm refers to restframe wavelengths λ . 50 µm,
where details of the SED due to different dust properties and a possible contribution
from an AGN component can be relevant. Thus here we mainly focus on the color
S 500/S 350. In Fig. 4.1 (bottom panel) we plot its evolution with redshift, and compare
it with the measurements from ALMA /ALESS by Swinbank et al. (2014) finding a
reasonable agreement within the large uncertainties. Sources with S 500/S 350 & 0.8 are
high-redshift z & 3 candidates.
However, the rather high limiting fluxes of Herschel cannot probe the SFR function
much above z ∼ 5, since even sources with SFR ψ & 103 M yr−1 are too faint to be
detected. To go much beyond z & 4, the preselection based on the color S 850/S 450
from SCUBA-2 photometry is much more efficient. In Fig. 4.1 (bottom panel) we plot
its evolution with redshift, and compare it with the measurements from SCUBA-2 by
Koprowski et al. (2016) finding again a reasonable agreement. It is seen that the color
condition S 850/S 450 & 0.6 can be exploited to preselect candidate galaxies at z & 4.
In Fig. 4.2 we show our predictions for the differential counts at 500 and 850 µm for
the red sources preselected according to the color criteria discussed above. At 500 µm
the counts of unlensed red sources with S 500 . 100 mJy agree with the determination
by Asboth et al. (2016, see also Dowell et al. (2014)) while those of lensed red sources
well compare with the candidate lenses in the Herschel /ATLAS survey selected via
their red colors by Negrello, private communication; (see also Nayyeri et al. (2016)
and Wardlow et al. (2013) for analogous studies in the Herschel-HeLMS+HerS and
Herschel-HerMES surveys).
In Fig. 4.3 we present the corresponding redshift distributions. At 500 µm (top
panel) red high-z candidates are mostly located at redshift z & 3, featuring SFRs
ψ & 300 M yr−1. Interestingly, strong gravitational lensing by foreground galaxies
broadens the tail of their redshift distribution toward z ≈ 5 − 6; we stress that most of
the lensed sources are amplified by relatively modest factors 〈µ〉 ≈ 2 − 5, so that they
would on average feature SFRs still of ψ & 100 M yr−1. At 850 µm (bottom panel) the
color selection based on 850 to 450 flux ratio picks up objects at z & 4, with a tail ex-
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Figure 4.2 Euclidean-normalized differential number counts at 500 (top panel) and
850 µm (bottom panel): magenta lines refer to the counts derived from our intrinsic
SFR function; the contribution to the total counts (solid) from strongly lensed galax-
ies (dashed) is highlighted. The counts of red galaxies are illustrated in red, with the
solid lines referring to the total, the dotted lines to unlensed counts and the dashed
lines to the gravitationally lensed sources. Data (gold symbols) are as in Fig. 3.3. At
500 µm data for red galaxies are from Herschel /HerMES by Asboth et al. (2016, red
inverse triangles,see also Dowell et al. (2014)) and of candidate high-z lenses from Her-
schel /ATLAS by Negrello, private communication, red pentagons; see also Wardlow
et al. (2013),Nayyeri et al. (2016).
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Figure 4.3 Redshift distributions at 500 (top panel) and 850 µm (bottom panel):
at 500 µm magenta lines refer to the Herschel limiting flux of ≈ 50 mJy, with the
contribution to the total (solid) from strong galaxy-scale gravitational lensing (dashed)
highlighted; the same for red sources is shown in red. At 850 µm the magenta lines
refer to a limiting flux of 2 mJy (again red lines refer to red sources).
tending out to z ≈ 7−8. Since the Herschel surveys at 350 and 500 µm cover an overall
area of ∼ 1000 deg−2, their data can be mined to pick out & 1000 gravitationally lensed
galaxies (see Gonzalez-Nuevo et al., 2012), which, in addition to their cosmological
interest (e.g. Eales, 2015), can be also used to estimate the SFR distribution function
up to z ∼ 6.
Once the high−z candidates have been preselected, the photometric data from Her-
schel or SCUBA-2 have then to be supplemented with observations at longer wave-
lengths by, e.g., AzTEC and ALMA ; the latter instrument can be also exploited to
go for a spectroscopic redshift determination, but this plainly requires more observing
time, and preferentially a precise estimate of the photometric redshift to choose the
48 CHAPTER 4. HUNTING DUSTY STAR-FORMING GALAXIES AT HIGH-Z
most-suited observational band.
4.2 Dusty galaxies are not lost in the UV band
In Chapter 3 we have demonstrated that the intrinsic SFR functions as validated via
the (sub-)mm counts and the continuity equation are largely underestimated by UV
data, especially at the bright end for z . 7. However, next we show that such dusty
galaxies can be efficiently probed by combining current UV surveys with upcoming
far-IR/(sub-)mm and radio observations.
As a starting point, in Fig. 4.4 (top panel) we present the UV luminosity functions
at z & 4, as reconstructed from the intrinsic SFR function by using various prescriptions
for dust extinction. We start by showing that the outcome when no correction is applied
considerably overestimate the UV luminosity function for any redshift z . 7 at the
bright end MUV . −19. This occurs even when the standard correction based on the
βUV-IRX relation is adopted. This is because, as shown by several authors (e.g. Reddy
et al., 2012; Davies et al., 2013; Fan et al., 2014; Coppin et al., 2015) thanks to mid-/far-
IR observations of UV-selected galaxies at redshift z ∼ 2 − 4, the attenuation values of
galaxies with observed UV magnitude MUV . −21 are strongly in excess with respect
to those estimated basing on the βUV-IRX relation, and feature a very large dispersion.
The standard interpretation is that star formation occurs preferentially within heavily
dust-enshrouded molecular clouds, while the UV slope mainly reflects the emission
from stars obscured by the diffuse, cirrus dust component (see Silva et al., 1998; Coppin
et al., 2015; Reddy et al., 2015). We notice that on approaching z ≈ 8 the β−IRX
corrected luminosity function converges toward the unextincted one, at least down to
MUV & −21.5, corresponding to an intrinsic SFR ψ . 30 M yr−1; this suggests that for
these galaxies the timescale required to accumulate substantial amount of dust becomes
longer than their age.
All in all, for z . 7 and MUV . −19, an attenuation larger than that derived on the
basis of the β−IRX relation is needed to recover the UV luminosity function from the
intrinsic SFR function.
Observationally, at z ∼ 2 the UV attenuation AUV is found to directly correlate with
the SFR, though with a large dispersion of about 1 mag (or 0.4 dex in log IRX; e.g.,
Reddy et al. (2010)); the attenuations are already significant with values AUV ≈ 1.5−2.5
mag (or IRX values of ≈ 4 − 7) for SFRs ψ ≈ 30 − 50 M yr−1. A heuristic rendition
of such an observed correlation for ψ & 30 M yr−1 reads
AUV = ψ0.25 ; (4.1)
Note that, via stacking analysis of 850 µm emission from Lyman Break Galaxies in the
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Figure 4.4 UV luminosity function at different redshift z ≈ 4− 10 (color-coded, top
panel): it has been reconstructed from our intrinsic SFR function by not correcting
for dust extinction (dotted lines), correcting via the standard βUV-IRX relation (dashed
lines), and via the simple relationship AUV = ψ0.25 (solid lines) with a scatter of 1 mag
at given ψ (for z < 8). Data points (circles) are from Bouwens et al. (2015). Nor-
malized SFR distribution of galaxies in the observed UV magnitude bins (bottom
panel): it has been centered at MUV ≈ −18.5 (dashed lines), −19.5 (solid), −20.5 (dot-
dashed) and −21.5 (dotted) at redshifts z ∼ 4 (red) and 6 (cyan). The upper axis refer to
the unextincted UV magnitude MunextUV associated to the intrinsic SFR ψ. The extinction
law AUV = ψ0.25 with a scatter of 1 mag at given ψ has been adopted.
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SCUBA-2 Cosmology Legacy Survey, Coppin et al. (2015, cf their Table 2) finds at
z ∼ 3 − 5 average values of SFR ψ ≈ 70 − 130 M yr−1 and UV attenuations AUV ≈
2.3−2.5, broadly consistent with Eq. (4.1). Note that the relation expressed by Eq. (4.1)
represents an average UV attenuation defined as AUV ≡ 2.5 log(1 + LIR/LUV) in terms
of the integrated UV and IR luminosities, and as such it is a basic quantity whose
estimate does not require a full radiative transfer approach (e.g. Meurer et al., 1999;
Reddy et al., 2015).
In Fig. 4.4 (top panel) we show this to map remarkably well the intrinsic SFR
functions onto the observed UV luminosity function over the redshift range z ≈ 4 − 7.
The outcome on the luminosity function is mostly sensitive to the scatter of the above
relation; the behavior at the bright end of the luminosity function constrains it to be
within ±0.2 of the best-fit value of 1 mag. We caveat that the above equation does not
include a dependence on metallicity Z, which may well affect the dust abundance. As
a matter of fact, Reddy et al. (2010) find a direct dependence between AUV and the
metallicity Z, with the former becoming appreciable when Z & Z/3. A combined
dependence AUV ∝ ψα Zβ including both the SFR and metallicity has been considered
by Mao et al. (2007) and Cai et al. (2014) basing on the MUV vs. E(B − V) relation by
Shapley et al. (2001) and the UV luminosity functions at different redshift. Actually in
their approach ψ(τ), Z(τ) and hence AUV(τ) are function of the galactic age τ, but for
galaxies with quite robust SFR ψ & 30 − 50 M yr−1 the SFR is roughly constant and
the metallicity saturates rapidly for τ & a few 107 yr to slightly subsolar values; all in
all, their time-averaged relation is very close to Eq. (4.1).
In Fig. 4.4 (bottom panel), we represent the SFR distribution (areas under curves are
normalized to 1) for galaxies selected with a given observed UV magnitude at redshift
z ∼ 4 − 6; the upper axis refers to the unextincted UV magnitude corresponding to a
given SFR ψ. Plainly, the rapid truncation of the distributions to the left of the peak
occurs because values of the SFRs yielding an unexctincted UV magnitude fainter than
the observed are not allowed (AUV > 0 must hold). The decrease of the distributions to
the right of the peak reflects the convolution between the intrinsic SFR function and the
adopted attenuation law with its large dispersion. The distributions tend to be narrower
at higher redshift and for brighter observed UV magnitudes, due to the evolution of the
intrinsic SFR function at the high-SFR end, and to the decrease of the extinction with
increasing redshift.
Basing on the star formation main sequence, we expect that most of the dusty
galaxies with intrinsic SFR ψ & 100 M yr−1 that appear as faint UV objects with
MUV & −21 also feature large stellar masses M? & a few 1010 M. As such, they
appear as upper outliers in the M? − MUV diagram (see Duncan et al., 2014; Grazian
et al., 2015; Song et al., 2015; Coppin et al., 2015). Note that a similar location could
also be occupied by almost passively evolving galaxies, but their number at z & 4 is
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Table 4.1 ]
Number of dusty, UV-selected galaxies [in arcmin−2].
For more details, see Sect. 4.2 and Fig. 4.4.
MUV ψ & 100 M yr−1 ψ & 300 M yr−1 ψ & 1000 M yr−1
observed z = 3 z = 4 z = 5 z = 6 z = 3 z = 4 z = 5 z = 6 z = 3 z = 4 z = 5 z = 6
-17 0.14 0.09 0.04 0.01 0.03 0.02 0.006 0.0006 0.002 0.0008 0.00008 0.000001
-18 0.28 0.18 0.08 0.02 0.06 0.03 0.009 0.001 0.005 0.002 0.0002 0.000003
-19 0.28 0.18 0.08 0.02 0.06 0.03 0.009 0.001 0.005 0.002 0.0002 0.000003
-20 0.24 0.16 0.07 0.02 0.05 0.03 0.008 0.001 0.004 0.001 0.0001 0.000002
-21 0.12 0.08 0.03 0.01 0.03 0.01 0.004 0.0006 0.002 0.0006 0.00006 0.000001
-22 0.03 0.02 0.007 0.002 0.006 0.003 0.001 0.0001 0.0003 0.0001 0.00001 0.0000002
expected to be small, since the star formation timescales implied by the main sequence
are close to the age of the Universe. As a consequence, a significant fraction of the out-
liers are expected to be highly star-forming, massive galaxies, and as such constitute
particularly suited targets for far-IR and (sub-)mm observations. At redshift z & 6 the
same regime will be explored by JWST.
The broad shape of the SFR distributions implies that dusty, strongly star-forming
galaxies with ψ & 30 M yr−1 are not lost in the UV, but rather are moved by their
strong attenuation AUV & 2.3 at fainter magnitudes; although they are outnumbered by
the intrinsically faint and poorly attenuated galaxies, nevertheless they can be singled
out following the strategy proposed below. In Table 4.1 we present the number per
sq. arcmin of dusty, UV-selected galaxies expected per observed magnitude bin, for a
given threshold in SFR. The numbers decrease quite rapidly with increasing redshift
and increasing SFR threshold. For example, considering that the current areas surveyed
in the UV amount to ≈ 103 arcmin2 (see Bouwens et al., 2015, their Table 1), the
expected numbers are around several hundreds of galaxies with SFR ψ & 100 M yr−1
at MUV . −17 and z ≈ 4; this number decreases to several tens at z ≈ 6 for ψ & 100 M
yr−1, and to a hundred at z ≈ 4 for ψ & 300 M yr−1.
These UV data could be exploited in combination with (sub-)mm and/or radio ob-
servations (see Chapter 5 for a complete analysis) to reconstruct the bright end of the
intrinsic SFR function (e.g. Barger et al., 2014). The strategy involves to observe the
areas . 103 arcmin2 of current UV surveys (see Bouwens et al., 2015) in the (sub-)mm
and/or radio band. On one hand, this will allow to measure unbiasedly the intrinsic
SFR of strongly dust-obscured galaxies from (sub-)mm/radio data; on the other hand,
the cross matching with the positions from the UV maps will allow to associate to
these galaxies reliable UV photometric redshifts. Note that the combination with UV
photometric data will also help in removing from (sub-)mm and radio observations any
contamination from low-luminosity, unobscured AGNs and low-z star-forming galax-
ies.
Specifically, given the areas covered by current or upcoming UV surveys (Bouwens
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et al., 2015), in Fig. 4.5 we present the required sensitivity to detect at least 30 ob-
jects (to get sound statistics) with a given SFR threshold in a redshift bin of width
∆z ≈ 1. In particular, we focus on SFR ψ & 100 and 1000 M yr−1, and con-
sider three wavelengths: 850, 1400 µm of interest for ALMA, and 21 cm (1.4 GHz)
of interest for SKA. The dots refer to redshift bins centered around z ∼ 1, 3, 5,
and 7, with the redshift increasing following the small colored arrows. The upward
black arrows illustrate the 5σ sensitivity limits of ALMA and SKA, for a total in-
tegration time of 500 hours, on survey areas of 100, 1000 and 10000 arcmin2 (from
left to right). Here we have adopted as reference the following specifications: for
ALMA (in survey-mode configuration, see http://www.ioa.s.u-tokyo.ac.jp/
∼ytamura/Wiki/?plugin=attach&refer=ALMA&openfile=tamura-almawg-
060302.pdf) at 850−1400 µm, a field-of-view (FOV) of 0.02−0.04 arcmin2 and a 5σ
sensitivity of 0.1− 0.05 mJy hr−1/2; for SKA (configuration SKA1-MID; see Prandoni
and Seymour (2015)) at 21 cm (1.4 GHz) a FOV of about 0.35 deg2 and a 5σ sensitivity
of 0.01 mJy hr−1/2.
It is seen that on 100 arcmin2, easily covered by subfields of current UV surveys,
both ALMA and SKA can detect tens of galaxies at z ≈ 4 − 6 with SFRs ψ & 100 M
yr−1; on the other hand, on 1000 arcmin2, the widest area currently surveyed in the UV,
is needed to statistically sample galaxies with SFRs ψ & 300 M yr−1; finally, an area
of 10000 arcmin2, as possibly surveyed by the future LSST (e.g. Ivezic et al., 2008),
will enable to detect, in the (sub-)mm/ radio band, an appreciable number of dusty
galaxies with SFRs ψ & 1000 M yr−1. Notice that, at the flux limits and on the survey
areas considered here, gravitational lensing is only marginally effective, even at the
wavelengths λ & 1 mm, where its effect on the counts is most relevant. For example,
from Fig. 3.3 (upper panel) it is seen that at 1.4 mm for fluxes of 1 mJy the lensed
sources are only a small fraction around a few percent of the total population.
On the (sub-)mm side, another interesting instrument that could be exploited for
these observations is NIKA2 ; we adopt as reference specifications (see http://ipag.
osug.fr/ nika2/Instrument.html) at 1.2 mm a FOV of about 40 arcmin2 and a
5σ sensitivity around 1.3 mJy hr−1/2. Then in 500 hours it can attain a 5σ sensitivity of
0.1 mJy on 100 arcmin2, of 0.3 mJy on 1000 arcmin2, and of 1 mJy on 10000 arcmin2;
thus NIKA2 at 1.2 mm will perform similarly to ALMA at 1.4 mm. On the radio side,
the SKA precursor MeerKAT is also interesting; we adopt as reference specifications
(see Prandoni and Seymour, 2015) at 21 cm (1.4 GHz) a FOV of about 0.8 deg2 and
a 5σ sensitivity around 0.01 mJy hr−1/2. In 500 hours it can attain a 5σ sensitivity of
0.5 µJy on 100 arcmin2, of 0.5 µJy on 1000 arcmin2, and of 0.8 µJy on 10000 arcmin2;
thus it will perform similarly to SKA. However, we note that NIKA2 and MeerKAT,
differently from ALMA and SKA, in the surveys considered above would work close
to their confusion limit. Both instruments feature a resolution around 10 arcsec, which
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Figure 4.5 Surveys to detect dusty galaxies: the diagram is showing the limiting flux
and the area of a (sub-)mm and radio survey required to detect at least 30 dusty galaxies
per redshift bin ∆z ≈ 1. Results are shown for two different thresholds in intrinsic SFR
ψ & 100 (orange lines) and & 1000 M yr−1 (cyan lines), at three wavelengths: 850
(dashed) and 1400 µm (solid) of interest for ALMA, and 21 cm (1.4 GHz, dotted)
of interest for SKA. Along each curve redshift increases following the small colored
arrows, with the dots referring to z ≈ 1, 3 ,5, and 7. The black upward arrows illustrate
the ALMA and SKA 5σ sensitivity limits (500 hours of integration time, see text for
details) for surveys on 100, 1000, and 10000 arcmin2.
54 CHAPTER 4. HUNTING DUSTY STAR-FORMING GALAXIES AT HIGH-Z
implies, on considering the shape of the counts (cf. Fig. 3.3), a confusion limit around
0.1 mJy for NIKA2 at 1.2 mm, and at the µJy level for MeerKAT at 21 cm (1.4 GHz).
Dust production
We stress that collecting large statistics of UV and far-IR selected galaxies at high
redshift is extremely informative on timescales for dust production and destruction.
For instance, in the case of AZTEC-3 at z ≈ 5.3 (Riechers et al. 2014) and HLFS3 at
z ≈ 6.3 (Cooray et al. 2014) far-IR data indicate SFRs ψ ∼ 1000 M yr−1, stellar masses
M? ∼ 1−5×1010 M, and dust masses Md ∼ 3×108 M. The star-formation timescale
τ? = M?/ψ ∼ 1 − 5 × 107 yr implies that a large amount of dust has been rapidly
accumulated in these galaxies; adopting a Chabrier IMF and no dust destruction, for
type-II SN explosion a dust mass yield of md ∼ 0.7 − 3 M per SN is required. This
yield is somewhat higher than the value found for SN 1987A md ∼ 0.8 M per SN,
possibly an upper bound (Matsuura et al. 2015).
On the other hand, the SN-driven shock waves destruct dust grains on a timescale
τD = τSN MISM/mg, where τSN is the time between SN explosions, MISM is the mass
of the ISM (gas and dust), and mg is the mass of ISM cleared per SN explosion (e.g.,
Slavin et al. 2014). For the Milky Way, τSN ∼ 125 yr, MISM ∼ 5 × 109 M and
mg ∼ 600 M hold, to yield τD ∼ Gyr. Contrariwise, for the high-z galaxies mentioned
above the extremely large SFRs ψ ∼ 1000 M yr−1 imply τSN ∼ 0.1 yr, making τD .
107 yr so short with respect to τ? as to exclude that destruction can be neglected.
Additional stellar sources of dust may be at work, such as W-R stars, AGB stars and
type-I SNe; the first are anyhow minor dust producers, while the second and the third
can form significant dust amounts but over long timescales & a few ×108. Note that
even accretion in molecular clouds can have an important role in dust formation (for a
review, see Dwek & Cherchneff 2010).
These instances enlighten that the issues of dust formation in high-z galaxies and
of dust production by type-II SN and AGB stars are still open problems (see, e.g., the
discussion in Dwek & Cherchneff 2011; Dwek et al. 2015; Mancini et al. 2015; Wesson
et al. 2015). Large statistical samples of dusty star-forming galaxies at z & 4 will
constitute key datasets for understanding the role of the physical processes involved in
dust formation and destruction.
Chapter 5
Radio emission from
star-forming galaxies
Another possibility to search for high-z dusty star-forming galaxies is to use the radio
emission correlated to star formation to identify them. As already mentioned in Section
2.4.6, the deepest radio surveys on disposal, are not deep enough in flux, or have been
carried out at frequencies that are too low, in order to be able to pinpoint the star-
forming galaxies among the population of Radio Loud AGNs, that dominate the present
number counts. The region where star-forming galaxies start to dominate the overall
number counts at ν=1.4 GHz, for example, (see Fig. 5.1) has been, up to now, only
briefly covered. The observations are still not able to properly separate the AGNs from
star-forming (SF) galaxies, also given that the former are still present at mJy levels of
flux in appreciable amount. In order to really disentangle the two populations, and hunt
for dusty star forming galaxies in the radio band, it is necessary to investigate fluxes
down to sub-mJy levels. This will be possible in the near future thanks to the SKA and
its precursors.
5.1 The SFR-radio emission relations
In Section 2.4.6 we have briefly discussed the two radio components that trace the SFR
in galaxies: they are the synchrotron emission and the free-free emission. The former is
produced by supernovae, and it is the principal component of the overall radio emission
related to star formation at low frequencies, while the free-free emission is related to
the gas ionized by young massive stars, and it is the dominant component at higher
frequencies (see Fig. 2.4). There are relationships between SFR and radio emission
(both synchrotron and free-free), that can be exploited to the purpose of looking for
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dusty galaxies at high-z.
5.1.1 Calibration of the relation between SFR and synchrotron emis-
sion
A calibration of the SFR-synchrotron luminosity relation was obtained by Murphy et al.
(2011) using Starburst99 (Leitherer et al., 1999) with a Kroupa (2001) IMF and specific
choices for the metallicity and the star formation history. We have slightly modified
their relation including a steepening of the synchrotron spectrum by ∆α = 0.5 above
a break frequency of 20 GHz to take into account electron ageing effects (Banday and
Wolfendale, 1991). The SFR-synchrotron luminosity relation then writes:
L¯sync ' 1.9 × 1028
(
SFR
Myr−1
) (
ν
GHz
)−0.85 [
1 +
(
ν
20 GHz
)0.5]−1
erg s−1 Hz−1. (5.1)
The high-frequency synchrotron emission can be further suppressed at high z be-
cause of the energy losses of relativistic electrons due to inverse Compton scattering off
the Cosmic Microwave Background (CMB) photons, whose energy density increases
as (1 + z)4 (Norris et al., 2013; Carilli et al., 2008; Murphy, 2009). We also highlight
that, differently from free-free and UV emissions, which are a measure of the cur-
rent SFR, the synchrotron emission is delayed by ∼ 107 yr, that is the main sequence
lifetime of massive stars that explode as supernovae, generating the relativistic elec-
trons (Clemens et al., 2008). At high z the fraction of galaxies younger than ∼ 107 yr,
which are consequently lacking relativistic electrons, hence the synchrotron emission,
increases.
These effects are not taken into account in our calculations, then we may overesti-
mate the statistical properties that we derive, as the faint counts and the high-z tails of
the redshift distributions. The overestimate of the total radio luminosity is however un-
likely to be large because even at 1.4 GHz (and even more going at higher frequencies)
the free-free contribution is comparable to the synchrotron one at flux densities below
the current observational limits (see Fig. 5.1).
Applying the relation 5.1 to the redshift dependent SFR functions presented in
Chapter 3, and exploiting them to produce predictions of radio counts at 1.4 GHz down
to sub-mJy levels, where SF galaxies dominate the overall population, we find good
agreement (see Fig. 5.1). The total counts are obtained adding those of radio-loud
AGNs, yielded by the Massardi et al. (2010) model1.
1Tabulations of the radio-loud AGN counts yielded by the model at several frequencies are publicly
available at http://w1.ira.inaf.it/rstools/srccnt/srccnt_tables.html .
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Figure 5.1 Euclidean normalized differential number counts at 1.4 GHz: they have
been derived using our intrinsic (UV+FIR) SFR functions. Above ∼ 1 mJy the counts
are dominated by canonical Radio Loud AGNs, while SF galaxies takes over at fainter
fluxes. The dashed brown line shows the model for radio AGNs by Massardi et al.
(2010). The triple dot-dashed red line shows the contribution of the sources that are
located at z >3, while the blue dashed line represents the counts derived from strongly
lensed SF galaxies. The solid magenta line shows the contribution of all SF galaxies,
and the violet solid line is the total contribution (sum of all the components). The
black polygon shows the ranges of 1.4 GHz counts consistent with the P(D) distribu-
tions by Vernstrom et al. (2014). The observational data are from the collection of de
Zotti et al. (2010, green), from Bondi et al. (2008, magenta) and from the ECDFS of
Padovani et al. (2015, blue) . The vertical lines represent, from left to right, the 5σ
detection limits of the planned SKA1-MID surveys to unresolved sources: 0.25 µJy
(blue), 1 µJy (yellow), 5µJy (pink). Given the resolution of these surveys (' 0.5′′;
Prandoni and Seymour, 2015) it is likely that a fraction of sources (especially bright,
nearby galaxies) will be resolved out so that the surveys will not be 100% complete
at the quoted limits. However, the array configuration proposed, which delivers an
essentially flat point source sensitivity over a large range of synthesized beams, will
overcome this problem. The 5 µJy limit applies also to the Tier 2 MIGHTEE sur-
vey (MeerKAT), while the dark green line shows the EMU (ASKAP) survey 5σ
limit. Again the limits refer to unresolved sources. The MIGHTEE and EMU sur-
veys have a lower resolution than the SKA1-MID ones: 8.3′′–3.5′′ in the case of Tier 2
MIGHTEE (http://www.ast.uct.ac.za/arniston2011/vdheyden.pdf) and 10′′ in the case
of EMU (Norris et al., 2011).
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5.1.2 Calibration of the relation between SFR and free-free emis-
sion
About the free-free emission, its relation with the SFR has been presented by Murphy
et al. (2012): we have rewritten it as
Lff = 3.75 × 1026
(
SFR
M/yr
) ( T
104 K
)0.3
g(ν,T) exp
(
− hν
kT
)
(5.2)
where T is the temperature of the emitting plasma and g(ν,T) is the Gaunt factor for
which we adopt the approximation of Draine (2011). It improves over earlier approxi-
mations, and looks like
g(ν,T) = ln
exp
5.960 − √3
pi
ln
(
Zi
ν
GHz
( T
104K
)−1.5) + exp(1) , (5.3)
being Zi the charge of ions and T their temperature. This equation reproduces the Mur-
phy et al. (2012) calibration at the calibration frequency (33 GHz) for a pure hydrogen
plasma (Zi = 1) and T = 104 K. At the other frequencies relevant here the differences
due to the different approximations for the Gaunt factor are small. We will adopt the
above values of Zi and T throughout the paper.
We have used eq. (5.2) to convert the redshift-dependent SFR functions to free-free
luminosity functions. We then computed the counts of star-forming galaxies at 95 GHz,
where an observational estimate has been obtained thanks to the SPT survey (Mocanu
et al., 2013). In doing this we took into account that the measured flux densities include,
in addition to the free-free emission, contributions from thermal dust and from the
synchrotron emission (see Fig. 5.2).
To get down to any chosen frequency we used the SEDs for “warm” SF galaxies
(those with a predominant component of warm dust, which are preferably located at
z <0.4), and high-z SF galaxies (the typical cosmic Eyelash SED), adding the free-free
and synchrotron emissions given by eqs. (5.2) and (5.1).
Our model independent counts at 95 GHz, turned out to be substantially below
those estimated by Mocanu et al. (2013). To understand the origin of the discrepancy,
we investigated further the approach used by these authors. They used the α150220 spectral
indices to classify their sources, taking α150220 = 1.5 as the boundary between dust-
dominated galaxies (α150220 > 1.5) and radio-loud AGNs (synchrotron-dominated, in
their terminology). They computed the probability that their posterior value for α150220
was greater than the boundary value, and interpreted it as the probability for a source
to be dust-dominated. The 95 GHz differential counts were calculated as the sum of
the probabilities P(α150220 > 1.5) that the sources in a given flux density (S 95GHz) range
are dusty. Since at 95 GHz the dusty galaxies are a small fraction of detected sources,
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this approach may overestimate the counts because, due to the large uncertainties on
α150220, many radio loud AGNs have a not-completely-zero probability of being dust-
dominated. The sum of these low probabilities may give a count comparable to, or
even larger than the count of the rare truly dusty galaxies.
We then checked the SEDs of all the galaxies in the catalogue with a 95 GHz
flux brighter than 12.6 mJy (the 95% completeness limit of the survey). We collected
the photometric data available in the NASA/IPAC Extragalactic Database (NED), in
the Wide-field Infrared Survey Explorer (WISE; Wright et al., 2010) AllWISE2 cat-
alogue, in the Planck Catalogue of Compact Sources (Planck Collaboration XXVIII
et al., 2014) and in the IRAS catalogue. We found that only 4 sources, all with
P(α150220 > 1.5) = 1, show an SED typical of dusty galaxies. They are listed in Ta-
ble 5.1 and their SEDs are shown in Fig. 5.2. A fifth source with P(α150220 > 1.5) ' 1,
SJ043643 − 6204.4, is only 0.368 arcmin away from the very bright red giant Mira
variable star R Doradus. Its SPT photometry may be then strongly contaminated by
emission from dust shrouds that often form around this kind of stars. For this reason
we have discarded this source.
For comparison, the Mocanu et al. (2013) approach yields ' 12 dusty galaxies
with S 95GHz ≥ 12.6 mJy. A substantial contribution to the difference with our result
comes from sources with P(α150220 > 1.5)  1. The re-assessed integral counts are
shown in Fig. 5.4 (green asterisk), together with the value given by Mocanu et al.
(2013) (magenta) for comparison. It is worth mentioning that 3 out of the 4 confirmed
dusty galaxies have low frequency radio luminosity in excess of that expected from the
mean relation between IR and 1.4 GHz luminosities. The difference is about twice the
dispersion of the relation between the synchrotron luminosity and the SFR, yet within
the range of values for star-forming galaxies according to Yun et al. (2001). It may thus
be not statistically significant, especially taking into account a possible selection effect:
the higher synchrotron luminosity helps bringing the sources above the detection limit
at 95 GHz.
Galaxy redshift S 95GHz (mJy)
SJ041736-6246.8 0.00435 25.56
SJ041959-5456.2 0.005017 24.87
SJ044540-5914.7 0.00444 21.2
SJ213629-5433.4 0.002825 12.76
Table 5.1 Dusty galaxies in the Mocanu et al. (2013) 95 GHz sample.
The SEDs of all the other sources are consistent with the 95 GHz flux density being
dominated by synchrotron emission and inconsistent with them being dusty galaxies.
As illustrated by Fig. 5.3, this is the case also for the other 4 sources with P(α150220 >
2http://wise2.ipac.caltech.edu/docs/release/allwise/
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Figure 5.2 SEDs of 95 GHz selected dusty galaxies in the SPT sample by Mocanu
et al. (2013): SPT-SJ041736-6246-8 (top left), SPT-SJ041959-5456-2 (top right), SPT-
SJ044540-5914-7 (bottom left), SPT-SJ213629-5433-4 (bottom right). The red curve is
a fit made by eye summing the Cai et al. (2013) SED of a cold late-type galaxy (dotted
blue line), chosen because the 4 galaxies are all normal disc galaxies, with the free-free
emission given by eq. (5.2) for the same SFR (long-dashed magenta line) and with the
synchrotron emission matching the low frequency data. For three of the galaxies, such
synchrotron emission (short-dashed orange line) is higher than that given by eq. (5.1),
represented by the long-dashed green line. The difference is about twice the dispersion
of the relation between the synchrotron luminosity and the SFR (shaded green band;
see sub-sect. 5.1.1), yet within the range of values for star-forming galaxies according
to Yun et al. (2001). It may thus be not statistically significant, especially taking into
account a possible selection effect: the higher synchrotron luminosity helps bringing
the sources above the detection limit at 95 GHz. However, we cannot rule out alter-
native explanations such as an additional contribution from a weak active nucleus or
excess radio emission arising from radio continuum bridges and tidal tails not asso-
ciated with star formation, similar to what is observed for so-called “taffy” galaxies
(Condon et al., 2002; Murphy, 2013). Data points: low frequency radio flux densities
from the NED (open circles); SPT flux densities (triangles); Planck flux densities (open
diamonds); IRAS flux densities (open stars).
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Figure 5.3 SPT sources selected at 95 GHz that have 1 > P(α150220 > 1.5) > 0.6: SPT-
SJ043651-5841-1 (top left), SPT-SJ203730-6513-3 (top right), SPT-SJ204101-5451-4
(bottom left), SPT-SJ213406-5334-3 (bottom right). Their SEDs are incompatible with
those of star-forming galaxies, illustrated by the solid red line, and consistent with be-
ing radio sources. Data points: low frequency radio flux densities from the NED (open
circles); SPT flux densities (triangles); WISE flux densities (open squares); 2MASS
flux densities (spirals); in violet and dark green are IRAS and Planck upper limits, re-
spectively. We have adopted as Planck upper limits the 90% completeness limits of the
Planck Catalogue of Compact Sources (Planck Collaboration XXVIII et al., 2014) in
the “extragalactic zone”.
1.5) > 0.6, including the one with P(α150220 > 1.5) = 0.91. The radio-source nature of all
objects with lower values of P(α150220 > 1.5) is even clearer.
Figures 5.4 and 5.5 show that we obtain good agreement with the new determi-
nation of SPT counts of dusty galaxies at 95 GHz as well as with those by Mocanu
et al. (2013) at 150 and 220 GHz. While the 95 GHz counts are dominated by nearby
galaxies, those at the higher frequencies include a contribution from high-z strongly
lensed galaxies; their contribution increases with decreasing flux density (in the ranges
covered by the SPT surveys) to the point of becoming dominant at the SPT detection
limits.
We also calculated predictions at 4.8, 8.4, 15 and 30 GHz (Fig. 5.6), that will be
probably covered by the upcoming facilities. Not surprisingly, the free-free contribu-
tion becomes increasingly important at higher and higher frequencies. While at 1.4
GHz the dominant emission is synchrotron, at 8.4 GHz the free-free emission takes
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Figure 5.4 Integral counts of dusty galaxies at ν=95 GHz (green asterisk with error
bars): they correspond to those remained after our analysis, and are compared with the
predictions based on our model independent SFR functions. The magenta line show
the contribution of the strongly lensed star forming galaxies, while the violet solid line
represents the contribution of all SF galaxies. The former determination by Mocanu
et al. (2013) is reported as magenta asterisk for comparison.
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Figure 5.5 Euclidean normalized differential counts of dusty galaxies at 150 and
at 220 GHz (top and bottom panel, respectively): the asterisks with error bars are
the observational determinations by Mocanu et al. (2013). The solid magenta line
represents all the SF galaxies, the triple dot-dashed red line shows the contribution of
SF galaxies located at z > 3, and the blue dashed line represents the strongly lensed
SF galaxies. Note that in the considered flux density ranges the counts of star-forming
galaxies seen via their radio emission are made by nearby sources and have thus an
Euclidean slope. On the contrary, counts of strongly lensed sources are due to strongly
evolving high-z objects.
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Figure 5.6 Predicted versus observed counts at 4.8, 8.4, 15 and 30 GHz: dusty
galaxies come up at sub-mJy flux density levels and their counts are accounted for by
the model independent approach. At higher flux densities the counts are dominated by
canonical, AGN powered radio sources. The related models shown are from Massardi
et al. (2010) at 1.4, and 4.8 GHz and from de Zotti et al. (2005) at 8.4 and 30 GHz.
The various lines correspond to the contributions from the different source populations
(dashed blue lines: strongly lensed galaxies; triple dot-dashed red lines: SF galaxies
located at z > 3; dashed brown lines: radio-loud AGNs; solid magenta line: total SF
galaxies; solid violet lines: total overall (SF galaxies + AGNs) objects). The solid ver-
tical lines indicate the predicted flux density limits, for unresolved sources, of possible
deep (yellow) and ultra-deep (blue) band 5 surveys with SKA1-MID.
over at sub-mJy levels.
5.2 Predictions for surveys with the Square Kilometer
Array (SKA) and its precursors
The SKA and its precursors are going to revolutionize the future radio astronomy, mak-
ing possible to reach flux limits never achieved before, and consequently to unbiasedly
(with respect to dust extinction) probe the star formation process in galaxies up to high
redshifts: in the following we give some predictions for such instruments, and try to
give a glimpse of what could be the improvements for the galaxy evolution science.
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5.2.1 Number counts and redshift distributions
The plans for SKA Phase 1 (SKA1-MID) will likely include three continuum surveys
(in band 2), all at ' 1–1.4 GHz: one over 1000 deg2 with rms ' 1 µJy/beam, a sec-
ond one over 30 deg2 with rms ∼ 0.2 µJy/beam, and a third over 1 deg2 with rms
∼ 50 nJy/beam (Prandoni and Seymour, 2015). In addition there will possibly be a deep
survey in band 5, at ' 10 GHz, with rms ' 0.3 µJy/beam over 1 deg2, and an ultra-deep
survey again in band 5, at ' 10 GHz with rms ' 0.03 µJy/beam over ' 30 arcmin2 (see
also Murphy et al., 2015).
Deep surveys are also planned with the SKA precursors, like the Australian SKA
Pathfinder (ASKAP) and the South African MeerKAT (Norris et al., 2013). The Evo-
lutionary Map of the Universe (EMU) is a project that will use ASKAP to make a
deep (5σ limit of 50 µJy beam−1) radio continuum survey of the entire southern sky,
extending as far north as +30◦, i.e. covering about 30,000 deg2 at ∼1.4 GHz. The
MeerKAT International GigaHertz Tiered Extragalactic Exploration (MIGHTEE) Tier
2 will exploit the MeerKAT Phase 2 to observe over 35 deg2 down to a 5σ limit of
5 µJy beam−1, again at ∼ 1.4 GHz.
The SKA1-MID, EMU and MIGHTEE 5σ flux density limits for unresolved sources
are indicated by vertical lines in Fig. 5.1. The contributions of the dusty SF galaxies are
shown by the different lines: in particular the red triple dot-dashed line represents SF
galaxies at z > 3, while the blue dashed one shows the contribution of strongly lensed
sources. The “bump” at tens of µJy’s is preferentially due to z < 3 galaxies , while the
galaxies at higher z become increasingly important at lower flux densities, down to a
few hundred nJy’s.
The predicted redshift distributions for surveys at the flux density limits mentioned
above are shown in Figs. 5.7 and 5.8. The surface density of galaxies at z ≥ 6 increases
rapidly with decreasing flux density. This means that such surveys will be able to detect
a non negligible amount of galaxies up to high redshifts. This will also allow us to get
a glimpse of the cosmic SFR across the re-ionization epoch, overcoming limitations by
dust extinction.
As illustrated by Fig. 5.8, the planned band 5 surveys will also reach very high
redshifts (see also Murphy et al., 2015). Dust emission is likely under-abundant in
most galaxies at z > 6 (Munoz and Loeb, 2011; Cai et al., 2014; Capak et al., 2015):
this is due to the small Age of the Universe, that does not allow to have substantial
dust enrichment in the interstellar medium of the galaxies. Some detections of galaxies
with high SFRs and substantial dust extinction have, in any case, been reported (Riech-
ers et al., 2013; Watson et al., 2015), and we added them in Fig.3.2: they are single
detections, so they are not that much significant from a statistical point of view. The
SKA1-MID data will help in populating such redshifts regions, being unbiased with
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Figure 5.7 Predicted redshift distributions at the 5σ detection limits of the deepest
SKA1-MID, of the MIGHTEE (MeerKAT) and of the EMU (ASKAP) 1.4 GHz
surveys (see text): the lines show the contributions of the total population of SF galax-
ies (blue solid) and of the strongly lensed SF galaxies (blue dashed).
respect to the dust, thus providing a more complete view of the SFR functions at high
z.
Figures 5.7 and 5.8 also show that a substantial fraction of the highest redshift
galaxies that should be detected by the foreseen surveys are strongly lensed (magnifi-
cation µ ≥ 2) galaxies. The strongly lensed fraction at high z increases with increasing
flux density limit, while the total counts rapidly decrease.
5.2.2 Comparison between Herschel and SKA facilities
We want to point out how the upcoming radio facilities will be able to improve our
knowledge about SFRFs at high-z, so in Fig. 5.9 we compare the SKA1-MID potential
in measuring the evolution of the cosmic SFR to the results of Herschel and of the
deepest UV and Hα surveys. The planned SKA1-MID surveys can detect galaxies
with SFRs ranging from less than one M/yr for z . 1 to less than hundred M/yr
for z . 7. This is an improvement by more than two orders of magnitude compared
to Herschel results and will allow us to determine the dust-enshrouded star formation
history up to much higher redshifts. The deepest rest frame UV surveys do better, but
only for dust-free galaxies.
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Figure 5.8 Predicted redshift distributions at the 5σ detection limits of SKA1-MID
10 GHz surveys (see text): the lines show the contributions of the total population of
SF galaxies (blue solid) and of the strongly lensed SF galaxies (blue dashed).
5.3 Synergies with optical/near-IR surveys.
Also the radio detection of galaxies has some caveats in helping populating the bright
end of the SFR function: in fact a full scientific exploitation of the data provided by the
SKA surveys requires redshift determinations of the detected galaxies, especially of the
most distant ones which carry information on the earliest stages of galaxy formation.
We then need to exploit some synergies with other instruments, capable to provide
many observations to satisfactorily recover the SED of the single galaxy, and obtain
in this way its photometric redshift. Several deep optical/near-IR imaging surveys
covering substantial sky areas are ongoing or foreseen.
In Fig. 5.10 we show the minimum SFR of a dust-obscured galaxy detectable by
the deepest SKA1-MID survey as a function of redshift (its SED is shown in the bottom
panel of Fig. ??), and compare it with those detectable by the following surveys:
• The Euclid deep survey covering an area of 40 deg2 distributed over two fields
close to the North and South ecliptic poles to 5σ magnitude limits for point
source detection of 26 mag in the Y, H and J bands and of 27.5 mag in the VIS
(Laureijs et al., 2014).
• The Subaru Hyper Suprime-Cam (HSC) ultra-deep survey3 (Miyazaki et al.,
2012) covering two fields of 1.8 deg2 each to 5σ point source AB magnitude
limits of g = 28.1, r = 27.7, i = 27.4, z = 26.8 and y = 26.3.
• The 4 Large Synoptic Survey Telescope (LSST; Ivezic et al., 2008) deep drilling
fields of 9.6 deg2 each, aimed at reaching 5σ point source AB magnitude limits
3www.subarutelescope.org/Projects/HSC/surveyplan.html
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Figure 5.9 Minimum SFR detectable by SKA1-MID surveys 1.4 GHz: they have
been computed down to 0.25 µJy (dashed magenta line), 1 µJy (dashed bottle green
line) and 5 µJy (dashed blue line), as a function of z, compared with the minimum SFR
detected by Herschel/SPIRE surveys, basically down to the confusion limits (dashed-
dot-dot-dot lines, green for 250 µm, orange for 350 µm and red for 500 µm) and by
UV/Hα surveys (horizontal cyan line). The latter line corresponds to the average min-
imum absolute magnitude reached by the deepest surveys, that turns out to be almost
independent of redshift. Note that, while very deep in terms of SFR, the UV/Hα sur-
veys miss the dust-enshrouded star formation.
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Figure 5.10 Minimum SFR detectable by SKA1-MID vs other instruments: we
show the minimum SFR detectable by the deepest SKA1-MID survey at 1.4 GHz
(down to 0.25 µJy, dashed magenta line), compared with the minimum SFR detectable
in each spectral band by the Euclid deep survey, by the Subaru HSC ultra-deep survey,
by the LSST deep drilling fields and by the JWST DWS for the obscured SED shown
in the bottom panel of Fig. 5.11.
of 28 mag in the u, g, r, i and z bands and of 26.8 in the y band (see Sect. 9.8 of
the LSST Science Book4).
• The Deep-Wide Survey (DWS; Windhorst et al., 2009) to be carried out with
NIRCam on the James Webb Space Telescope (JWST). The DWS will image
the sky with up to 8 filters. A severe limitation to the exploitation of the SKA1-
MID/DWS synergy is the smallness of the DWS area, 100 arcmin2, i.e. a factor
of 1/36 ' 0.028 smaller than the area of the deepest SKA1-MID survey (1 deg2).
We expect that the SKA1-MID will detect, within the DWS area, ' 6, 200 galax-
ies at z ≤ 6 but only ' 14 at z ≥ 6.
The depth of the 4 LSST deep drilling fields is enough to detect all SKA1-MID dust-
obscured galaxies in at least 3 bands up to z ' 6 and in at least one band up to z ' 8.
Thus, photometric redshift estimates can be obtained up to z ' 6. With the obvious
exception of the JWST/DWS the other surveys are somewhat less useful. In the case of
the UV–bright SED (top panel of Fig. 5.11) all galaxies detected by the deepest SKA1-
4www.lsst.org/files/docs/sciencebook/SH_whole.pdf
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MID survey are easily detected by the above optical/near-IR surveys in all bands, so
that accurate photometric redshift estimates can be obtained. Since, as argued above,
strong dust obscuration appears to affect only a minority of faint z ≥ 6 galaxies, it
may be expected that photometric redshift estimates will be missing only for a small
fraction of SKA1-MID high-z galaxies.
Apart from the fact that the SFR inferred from SKA data are not affected by dust
extinction, even in the case of no obscuration the SKA measurements are complemen-
tary to the optical/near-IR ones. In fact, while the rest frame UV emission measures
the instantaneous SFR, the synchrotron emission measures the SFR ∼ 107 yr earlier.
Thus, in the absence of dust obscuration, the comparison of the SFR inferred from
(rest-frame) UV photometry with that from low-frequency radio data, dominated by
synchrotron, yields a measure of the starburst age (Clemens et al., 2008). Starbursts
younger than ∼ 107 yr have a synchrotron emission decreasing with the starburst age,
so that the inferred SFR is lower and lower than that inferred from UV data. By the
same token, the comparison of SFRs derived from UV and low-frequency radio mea-
surements is informative on variations of the SFR on timescales of ∼ 107 yr. Note that
this comparison could not work at very high redshifts where the synchrotron emission
may be highly suppressed due to the strong inverse Compton losses off the CMB (see
sub-sect. 5.1.1 and Norris et al., 2013; Carilli et al., 2008; Murphy, 2009), so that even
at relatively low frequencies the radio emission may not be synchrotron dominated.
5.3. SYNERGIES WITH OPTICAL/NEAR-IR SURVEYS. 71
Figure 5.11 Multiwavelength surveys detection limits on a UV bright SED (top
panel) and on a dusty SED (bottom panel): we show the detection limits of deep
optical/near-IR surveys (left) and of the deepest SKA1-MID survey (magenta symbol
on the right) compared with the spectral energy distribution of an UV-bright young
galaxy with a SFR = 20 M yr−1 at z = 2 (solid), 4 (dotted) and 6 (dashed). We have
considered the following surveys (from top to bottom): Euclid deep (red), Subaru HSC
ultra-deep (yellow), LSST deep drilling fields (violet) and JWST (green). The SED
was computed using the GRASIL package (Silva et al., 1998) for a Chabrier (2003)
Initial Mass Function (IMF), a galaxy age of 10 Myr and a metallicity of 0.1 Z. In
the bottom panel we show the same as the top panel but for an obscured SED with the
same IMF and SFR, a galactic age of 1 Gyr and a metallicity of 3 Z.
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Chapter 6
The Main Sequence of
star-forming galaxies
As already mentioned in the Introduction (see Chapter 1), the masses of star-forming
galaxies seem to be strongly correlated with their SFR, following an almost linear
relationship: here we give an estimation and analysis of such relationship, together
with a novel interpretation that turns out to be in agreement with the in − situ star
formation scenario.
Our analysis relies on two basic ingredients: the model-independent determination
of the SFR functions at different redshifts, and the time dependence of the star forma-
tion rate within high-redshift star-forming galaxies, as inferred from observations and
supported by simple physical arguments. The former has been presented in Chapter 3,
we now describe the latter.
6.1 Star formation history
We now focus on the star formation history M˙?(τ|M?, t); this quantity represents the
behavior of the SFR ψ as a function of the internal galactic age τ (i.e., the time since
the beginning of significant star formation) for a galaxy with stellar mass M? at cosmo-
logical time t (corresponding to redshift z). We base on the indications emerging from
many studies of SED-modeling for high z & 2 star-forming galaxies (e.g. Papovich
et al., 2011; Smit et al., 2012; Moustakas et al., 2013; Steinhardt et al., 2014; Citro
et al., 2016; Cassará et al., 2016); these suggest a slow power law increase of the SFR
ψ over a timescale τb, then followed by an exponential decline with timescale τSFR; in
the literature a similar time evolution is sometimes referred to as ‘delayed exponential
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model’ (see Lee et al., 2009). Such an overall behavior can be described as follows
ψ(τ|M?, t) = M˙?,b (τ/τb)κ 0 ≤ τ ≤ τb
(6.1)
= M˙?,b e−(τ−τb)/τSFR τ ≥ τb
with κ ≈ 0.5; the value of the SFR M˙?,b at τb is easily related to the final stellar mass
M? by the relation M˙?,b = M? [τb/(κ + 1) + τSFR]−1.
As to the parameters involved in the above expressions, recent observations by
ALMA have undoubtedly confirmed that the SFR in massive high-redshift galaxies
must have proceeded over a timescale around τb . 0.5− 1 Gyr at very high rates ψ & a
few 102 M yr−1 under heavily dust-enshrouded conditions (e.g. Scoville et al., 2014,
2016).
A duration of the main star formation episode τb . 0.5 − 1 Gyr in massive high-
redshift galaxies, which are thought to be the progenitors of local ellipticals, is indeed
confirmed by observations of the α−enhancement, i.e., iron underabundance compared
to α elements. This occurs because star formation is stopped, presumably by AGN
feedback, before type Ia SN explosions can pollute the interstellar medium with sub-
stantial iron amounts (e.g. Thomas et al., 2005; Gallazzi et al., 2006; Renzini, 2006,
for a review). Contrariwise, in low-mass galaxies with M? . 1010 M longstanding
data on stellar population and chemical abundances indicate that star formation has
proceeded for longer times, regulated by type II SN feedback and galactic fountains
(see reviews by Conroy, 2013; Courteau et al., 2014).
On this basis, following Aversa et al. (2015) we adopt a timescale for the duration
of the main star-formation episode given by
τb = 1 Gyr
(
1 + z
3.5
)−3/2 [
1 + 2 erfc
(
4
3
log
ψ
5 M yr−1
)]
. (6.2)
The dependence on the cosmic time mirrors that of the dynamical time tc ∝ 1/√G ρ ∝
(1 + z)−3/2, in turn reflecting the increase of the average density ρ ∝ (1 + z)3 in the
ambient medium. In addition, the erfc1-smoothing connects continuously the behavior
for bright and faint objects expected from the discussion above; we have tested that our
results are insensitive to the detailed shape of the smoothing function.
As to the quenching timescale τSFR, as confirmed by many works, the observed
fraction of FIR-detected host galaxies in X-ray, (e.g. Mullaney et al., 2012b; Page et al.,
2012; Rosario et al., 2012), and optically selected AGNs (e.g. Mor et al., 2012; Wang
1complementary error function: erfc = 2pi
∫ ∞
x e
−t2 dt
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et al., 2013c; Willott et al., 2015) points toward an SFR abruptly shutting off, at least
in massive galaxies, after τb over a short timescale τSFR . 108 yr due to the action of
AGN feedback. This little lifetime is derived by the chemistry inside the galaxies, that
must not live longer that ∼1 Gyr in order to show the α-enhancement that is observed.
In Fig. 6.1 we show the ensuing star formation and BH accretion histories as a func-
tion of the galactic age. We test the adopted star formation history and timescales by
connecting the SFR functions to the stellar mass function via the continuity equation.
In the absence of merging terms, the continuity equation can be written as
dN
d logψ
(ψ, t) =
∫
d log M? ∂t
[
dN
d log M?
(M?, t)
]
dτ
d logψ
(ψ|M?, t) ; (6.3)
here the term on the left hand side (l.h.s.) is the (known) SFR function, while under
the integral on the right hand side (r.h.s.) the first term is the cosmic time derivative
of the (unknown) stellar mass function, and the second is the time spent by a galaxy
in a bin of SFR obtained from the star formation history after Eq. (6.1). We solve
the continuity equation to derive the stellar mass function along the lines discussed by
Aversa et al. (2015) and Mancuso et al. (2016). In Fig. 6.2 we compare the resulting
stellar mass function to the recent observational data at various redshifts, finding an
excellent agreement.
This result further substantiates our star formation history and timescales, and, can
be interpreted as an evidence in favor of an in situ coevolution scenario of galaxy
formation (e.g. Granato et al., 2004; Lapi et al., 2006, 2011, 2014; Lilly et al., 2013;
Aversa et al., 2015). This envisages star formation in galaxies to be mainly a local
process regulated by energy feedback from SNe and from the central supermassive
BH. In the first stages of galaxy evolution the BH is still rather small and the nuclear
luminosity is much less than that associated with the star formation in the host. The
SFR is then regulated by feedback from SN explosions and slightly increases with
time, while the AGN luminosity rises exponentially. After a fraction of Gyr in massive
galaxies the nuclear luminosity becomes dominant, blowing away most of the gas and
dust from the ambient medium and hence quenching abruptly the star formation in the
host. Thereafter the stellar populations evolve passively and the galaxy becomes a ’red
and dead’ early-type.
We note that adopting a conceivable scatter 0.15 dex around the average star for-
mation timescale changes only marginally the mass function at the high mass end.
On the other hand, basing on the (dust-corrected) UV-inferred SFR function leads to
strongly underpredict the high mass end of the stellar mass function; this just reflects
the undersampling of galaxies with high SFRs by UV data (cf. Figs. 3.1,3.2).
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Figure 6.1 Evolution with galactic age (in units of BH e−folding time τef) of the
luminosity (top panel) and mass (bottom panel): they have been normalized at the
time τb when the AGN luminosity peaks and the star formation is quenched by the
AGN feedback. Solid lines refer to AGN-related quantities and dashed lines to star
formation-related quantities. The orange area sketches the stage when the star-forming
galaxy is dust-enshrouded and appears as a far-IR bright source; the red area sketches
the stage when the AGN X-ray (intrinsic) luminosity overwhelms that associated to star
formation; the blue area sketches the optical phase, setting in when the quasar feedback
removes gas and dust from the medium and quenches star formation in the host.
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Figure 6.2 The stellar mass function of star-forming galaxies with σ=0.15: it has
been computed at z = 2 (red), 4 (orange), 6 (cyan), and 8 (blue) as derived from the
SFR functions and from the star formation timescale τb (cf. Eq. 6.2) via the continuity
equation (cf. Eq. 6.3). Solid lines refer to the global (UV+far-IR) SFR functions with
a scatter σ = 0.15 dex in the star-formation timescale τb, dashed line (only at z = 2 for
clarity) refers to zero scatter, and dotted lines to the (dust-corrected) UV-inferred SFR
functions. Data are from Tomczak et al. (2014; circles), Caputi et al. (2015; stars) and
Song et al. (2016; squares).
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6.2 Interpreting the galaxy main sequence
Given the ingredients above, we populate the SFR vs. M? diagram as follows. The
number of galaxies per logarithmic bins of SFR and stellar mass is given by
d2N
d logψ d log M?
' dN
d logψ
dδ
d log M?
; (6.4)
this expression is actually an excellent approximation holding when the star formation
ψ(τ) ∝ τκ increases slowly with the galaxy lifetime, and specifically milder than κ . 1;
we recall that here κ ≈ 0.5 is fiducially adopted on the basis of observations (cf. Sect.
6.1). In the above expression the factors on the r.h.s. are the SFR functions (cf. Chapter
3) and the relative time δ spent by the star-forming galaxy in a given logarithmic bin of
M?; according to the star formation history (Eq. 6.1) the latter just reads
dδ
d log M?
=
M?
ψ
1
τb + ξ τSFR
ln 10 . (6.5)
Here the total duration of the star formation period is taken as τb + ξ τSFR with ξ ≈ 3,
since after that time the stellar luminosity is already decreased by a factor e−ξ . 0.05
and the stellar mass has already attained its final value to a very good approximation;
anyway, variations of this parameter do not affect appreciably our results.
The SFR vs. M? diagram at the representative redshift z ≈ 2 is presented in Fig. 6.3,
where the color-code indicates the logarithmic number density of galaxies per unit
comoving volume (in Mpc−3) after Eq. (6.4). The lilac line with errorbars illustrates
the number density-weighted mean relationship 〈ψ〉 at given M? with its 2σ variance;
this is the so called ’main sequence’ of star-forming galaxies. We stress that averaging
over the SFR function weighted by the relative time spent at given M? is equivalent
to perform a mass selection. In this respect, our outcome well compares with the
observational determinations based on statistics of large multiwavelength (UV+IR),
mass-selected samples by Rodighiero et al. (2011, 2014) and by Speagle et al. (2014).
We remark that the main sequence originates naturally in our approach as a sta-
tistical locus in the SFR vs. M? plane. However, this by no means implies that an
individual galaxy climbs along the main sequence during its lifetime. Typical evolu-
tionary tracks followed by individual objects, as inspired by the in situ coevolution
scenario (cf. Sect. 6.1), are illustrated by dotted lines; their shape is dictated by the
slowly increasing SFR ψ ∝ τ1/2 and appreciably rising stellar mass M? ∝ τ3/2, which
imply ψ ∝ M1/3? . Then the main sequence with its associated variance correspond to
the portions of such tracks where galaxies spend most of their lifetime in logarithmic
bins of M? (see Eq. 6.5).
To highlight the relevance of observational selections different from the one based
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Figure 6.3 The main sequence of star-forming galaxies at z≈ 2 based on the in-
trinsic (UV+far-IR) SFR functions: colored contours illustrate the number density
of galaxies (labels are in log units of Mpc−3) in the SFR vs. M? plane. The lilac line
with errorbars illustrates the mean relationship with its 2σ scatter. The dotted lines
show three evolutionary tracks (forward time direction indicated by arrows) for galax-
ies with a given final stellar mass of about 1010.5, 1011.5, 1012.5 M. The dashed lines
show the timescale M?/ψ = 107, 108 and 109 yr as labeled. The white shaded areas
are the observational determinations of the main sequence (based on statistics of large
samples) by Rodighiero et al. (2011, 2014, horizontal line pattern), and by Speagle
et al. (2014, vertical line pattern). Filled black symbols (error bars omitted for clarity)
refer to far-IR data for individual objects by Koprowski et al. (2016, diamonds), Ma
et al. (2015b, pentagons), Negrello et al. (2014) plus Dye et al. (2015, circles), and da
Cunha et al. (2015, stars).
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on stellar mass, in Fig. 6.3 we also report data points for individual, far-IR selected
galaxies by Koprowski et al. (2016), Ma et al. (2015b), Negrello et al. (2014) plus Dye
et al. (2015), and da Cunha et al. (2015) mainly at redshifts 1 . z . 3. We note that
the observations by Koprowski et al. are drawn from a SCUBA2 survey area of 102
arcmin2, while the other data are extracted from Herschel survey areas of 102 deg2; as
a consequence, the former sample can probe galaxies with SFRs of few 102 M yr−1 at
most, while the latter samples can probe galaxies with more extreme SFR values up to
few 103 M yr−1, whose number density is substantially lower. On the other hand, all
these far-IR samples are limited by instrumental sensitivity to a minimum SFR around
102 M yr−1.
It is remarkable that an appreciable fraction of these individual, far-IR selected
galaxies lie above the main sequence, i.e., at SFR values higher than expected on the
basis of the average relationship at given M?. A common interpretation of these off
main-sequence objects is that they are undergoing an episode of starburst triggered by
a stochastic merger event. Although these instances may well occur especially at low
redshift z . 1, our interpretation for the bulk of the objects at higher redshift z & 1
differs substantially. On the basis of the evolutionary track of individual galaxies, we
envisage off main sequence objects to be caught in an early evolutionary stage, and still
accumulating their stellar mass. Since the SFR changes slowly during the evolution,
far-IR selection is unbiased with respect to the stellar mass; thus young star-forming
galaxies are found to be preferentially located above the main sequence, or better, to
the left of it. As time goes by and stellar mass increases, the galaxy moves toward the
average main sequence relationship, around which it will spend most of its lifetime.
Afterwards, the SFR either slowly decreases because of gas exhaustion for galaxies
with small final stellar mass, or is abruptly quenched by AGN feedback for galaxies
with high final stellar mass. In particular, in the latter case the galaxy will then evolve
passively to become a local early-type and will populate a region of the SFR vs. M?
diagram substantially below the main sequence. These loci of ’red and dead’ galaxies
are indeed observed locally (see Renzini and Peng, 2015), and start to be pinpointed
even at high redshift (see Man et al., 2016).
Support to such an evolutionary picture comes from the estimates of the galaxy ages
inferred from multiwavelength SED modeling by da Cunha et al. (2015) and Ma et al.
(2015b). In Fig. 6.4 we report the data points from the latter authors, with the galaxy
age highlighted in different colors. It can be seen that galaxies at z ∼ 2 (data points
with black contours) located above the main sequence are preferentially younger and
less massive, with ages substantially below a few 108 yr; the ones more distant from
the main sequence locus feature smaller and smaller ages.
In Fig. 6.5 we highlight that exploiting in Eq. (6.4) the UV-inferred SFR functions
(dust corrected via the UV slope) originate a main sequence diagram in strong dis-
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Figure 6.4 The evolution in time of the main sequence of star-forming galaxies
at z ≈ 2, based on the intrinsic (UV+far-IR) SFR functions: the solid line with
errorbars illustrates the mean relationships with its 2σ scatter. The dotted lines show
three evolutionary tracks (forward time direction indicated by arrows) for galaxies with
a given final stellar mass of about 1010.5, 1011.5, 1012.5 M. The dashed lines shows the
timescale M?/ψ = 107.5, 108.25, 108.75, and 109.5 yr as labeled. Filled symbols (error
bars omitted for clarity) refer to far-IR data for individual objects by Ma et al. (2015b;
pentagons) and da Cunha et al. (2015, stars), color-coded according to the SED-inferred
age τage in bins τage . 108 (blue), 108 . τage . 108.5 (cyan), 108.5 . τage . 109
(orange), and τage & 109 (red). Data points for galaxies at 1 . z . 3 are highlighted by
a black contour.
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Figure 6.5 The main sequence of star-forming galaxies at z≈ 2 based on the (dust-
corrected) UV-inferred SFR function.
agreement with the observations at high SFRs and/or stellar masses, because the SFR
and stellar mass functions are considerably undersampled in the UV, especially at the
high SFR/stellar mass end.
In Fig. 6.6 we confront the outcome of our computation for the average main se-
quence of star-forming galaxies at different redshifts z ∼ 1, 3, and 6 to the observational
determinations by Speagle et al. (2014), finding good agreement. For comparison, the
data points from individual observations presented in the previous Figures are also
reported, with their estimated redshift highlighted in color. It is remarkable that the ob-
served redshift evolution of the main sequence is in agreement with the in situ scenario
of galaxy formation, which traces star formation in the galaxy back to local condensa-
tion processes. Specifically, at higher z and in massive galaxies, the ISM is on average
denser ρ ∝ (1 + z)3; both the dynamical td ∝ 1/√ρ ∝ (1 + z)−3/2 and the cooling
tc ∝ 1/ρ ∝ (1 + z)−3 timescales becomes shorter, and the SFR ψ ∝ M?/max[td, tc]
associated to a galaxy of given stellar mass is higher, so making the main sequence
locus to shift upwards. We stress that moving toward higher redshift the fraction of
off-main sequence objects decreases appreciably; this is because, given the evolution
of the SFR function and the shorter age of the Universe, it is more and more difficult to
spot galaxies of appreciably different ages and featuring very high SFRs.
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Figure 6.6 The main sequence of star-forming galaxies at z≈ 1 (red), 3 (green),
and 6 (blue), based on the intrinsic (UV+far-IR) SFR functions: the solid lines
with errorbars illustrate the mean relationships with its 2σ scatter. The dashed lines
shows the timescale M?/ψ = 107, 108 and 109 yr as labeled. The shaded areas are
the observational determinations of the main sequence at different redshifts (based on
statistics of large samples) by Speagle et al. (2014). Filled symbols (error bars omitted
for clarity) refer to far-IR data for individual objects by Dunlop et al. (2016, squares),
Koprowski et al. (2016, diamonds), Ma et al. (2015b, pentagons), Negrello et al. (2014)
plus Dye et al. (2015, circles), and da Cunha et al. (2015, stars), color-coded according
to redshift bins z . 2 (red), 2 . z . 4 (green), and z & 4 (blue).
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Chapter 7
The Main Sequence of AGNs
As discussed in the Introduction (see Chapter. 1), nowadays it has been widely estab-
lished that the mass of central BHs in massive, early-type galaxies is intimately linked
to several properties of the hosts (e.g., velocity dispersion, stellar mass, etc.). However,
a hot debate is still open on the physical origin of this link, in particular concerning
the interplay between the star formation and BH accretion processes. Many studies
pointed out the existence of an AGN main sequence, that relates the AGN luminos-
ity to the SFR and/or stellar mass of the host star-forming galaxy. We stress that the
AGN main sequence is actually a coevolution plane, since involves both AGN and host
galaxy properties; as such it differs from the stellar main sequence, which relates only
star related variables.
In the following we discuss the BH accretion history as inferred from a wealth of
multiwavelength observations. We show that it can be exploited to map the SFR func-
tions into AGN bolometric luminosity functions, in excellent agreement with recent
determinations. Then we turn to interpret and physically understand the AGN main
sequence.
7.1 BH accretion history
The BH accretion history in high-z star-forming galaxies can be robustly constrained
from a wealth of multiwavelength observations concerning: (i) the fraction of X-ray
detected AGNs in far-IR/K-band selected host galaxies (e.g. Alexander et al., 2005;
Mullaney et al., 2012a; Wang et al., 2013a; Johnson et al., 2013) ; (ii) the fraction of
far-IR detected galaxies in X-ray AGNs (e.g. Page et al., 2012; Mullaney et al., 2012b;
Rosario et al., 2012) and optically selected quasars (e.g. Mor et al., 2012; Wang et al.,
2013c; Willott et al., 2015); (iii) related statistics via stacking of undetected sources
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(e.g. Basu-Zych et al., 2013).
Lapi et al. (2014) and Aversa et al. (2015) have interpreted these data in terms
of a very basic physical scenario of in situ coevolution. In a nutshell, this envisages
that the early growth of the nuclear BH in high redshift star-forming galaxies occurs
under heavily dust enshrouded conditions. In the early stages τ  τb, plenty of gas
is available from the surroundings, and the BH accretes at substantial, mildly super-
Eddington rates λE & 1, so as to develop radiatively-inefficient slim-disk conditions
(see Abramowicz et al., 1988; Watarai et al., 2000; Li, 2012; Madau et al., 2014; Volon-
teri et al., 2015). Since the BH mass is still small, the nuclear luminosity is much lower
than that of the star-forming host galaxy, and the whole system behaves as a (sub-
)mm bright galaxy with an X-ray nucleus. On the other hand, after a time τ ≈ τb .
Gyr, the BH mass has grown to large values and the nuclear emission becomes com-
parable or even overwhelms that of the surrounding galaxy. Strong winds from the
nucleus remove gas and dust from the ambient medium stopping the star formation in
the host, while the whole system shines as an optical quasar. If residual gas mass is still
present in the central regions of the galaxy, it can be accreted onto the BH at progres-
sively lower, sub-Eddington accretion rates; this phase corresponds to the onset of the
standard thin disk accretion, which yields the observed SEDs of UV/optically-selected
type-1 AGNs (Elvis et al., 1994; Hao et al., 2014).
In quantitative terms, the typical AGN lightcurve can be described as (Yu and Lu,
2004; Lapi et al., 2014; Aversa et al., 2015)
LAGN(τ|MBH, t) = LAGN,b e(τ−τb)/τef 0 ≤ τ ≤ τb
(7.1)
= LAGN,b e−(τ−τb)/τAGN τ ≥ τb
that includes two phases: an early one up to the time τb when the BH grows exponen-
tially with a timescale τef to a mass MBH,b and emits with an Eddington ratio λE & 1
until it reaches a peak luminosity LAGN,b = λE MBH,b c2/tEdd; a late phase when the
luminosity declines exponentially on a timescale τAGN. The quantities λE and  denote
the average Eddington ratio and radiative efficiency during the early, ascending phase.
The e−folding time associated to them is τef =  tEdd/λE (1 − ).
As to the characteristic time τAGN of the declining phase, the data concerning the
fraction of star-forming galaxies in optically-selected quasars suggest a value τAGN ≈
3 τef for AGNs with peak luminosities LAGN,b & 1013 L; on the other hand, AGNs with
lower peak luminosity are constrained to fade more drastically after the peak (Lapi
et al., 2014; Aversa et al., 2015). To interpolate continuously between these behaviors
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a standard erfc-function smoothing yields
τAGN = 3 τef
[
1 − 1
2
erfc
(
1
2
log
LAGN,b
1013L
)]
. (7.2)
As to the Eddington ratio λE , its evolution with redshift is strongly constrained by
various observations, including the bright end of the optical AGN luminosity function,
the observed Eddington ratio function (see Vestergaard and Osmer, 2009; Kelly and
Shen, 2013; Schulze et al., 2015), and the fraction of galaxies with given stellar mass
hosting an AGN at a given Eddington ratio (see (see Aird et al., 2012; Bongiorno et al.,
2012). The implied dependence of λE on redshift z can be rendered approximately as
(see Lapi et al., 2014; Aversa et al., 2015)
λE(z) = 4
[
1 − 1
2
erfc
(
z − 2
3
)]
. (7.3)
where the coefficients are estimated considering the observational constraints at high-
z (λE ∼4), and at low-z (λE <1). Note that during the early, ascending phase of the
lightcurve, λE exceeds the characteristic value λEthin ≈ 0.3 for the onset of a radiatively-
inefficient slim accretion disc (Laor and Netzer, 1989). On the other hand, during the
late, declining phase of the lightcurve, the Eddington ratio declines almost exponen-
tially, so that after a time τ ≈ τAGN × log λE/λEthin the transition to a thin accretion disc
takes place.
As to the radiative efficiency , several numerical simulations and analytic works
(Abramowicz et al., 1988; Watarai et al., 2000; Blandford and Begelman, 2004; Li,
2012; Madau et al., 2014) indicate a simple prescription to relate the efficiency  and
the Eddington ratio λE in both slim and thin disc conditions
 =
thin
2
λE
eλE/2 − 1 ; (7.4)
here thin is the efficiency during the thin disc phase, which may range from 0.057 for a
non-rotating to 0.32 for a maximally rotating Kerr BH (Thorne, 1974). A fiducial value
thin = 0.1 is suggested by statistical investigations based on the continuity equation
(e.g. Cao, 2010; Aversa et al., 2015) and from observations of individual systems (see
Davis and Laor, 2011; Raimundo et al., 2012; Wu et al., 2013). In the early stages
when mildly super-Eddington accretion occur with λE & a few, the radiative efficiency
takes on small values  . 0.3 thin ≈ 0.03, while in the late stages when sub-Eddington
accretion occurs, it quickly approaches the thin disc value  ≈ thin.
The final BH mass MBH is easily linked to the mass at the peak MBH,b appearing in
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Eq. (7.1) via LAGN,b. It results
MBH =
∫ ∞
0
dτ′
1 − 
 c2
LAGN(τ′) = MBH,b
[
1 + f
τAGN
τef
]
. (7.5)
The correction factor f accounts for the modest change of the quantity (1− )/ along
the declining phase, when LAGN(τ) and λE(τ) decrease almost exponentially and (τ)
increases according to Eq. (7.4); a value f ≈ 0.8 applies to a good accuracy.
The evolution of the AGN luminosity and BH mass during the galaxy lifetime τ is
illustrated in Fig. 6.1.
7.2 Mapping the SFR functions into the AGN luminos-
ity functions
The above BH accretion history and timescales not only have been inferred from a
plethora of observational data, but also have been validated in Aversa et al. (2015) by
showing that the BH mass function obtained via the continuity equation approach well
reproduces the current observational constraints at different redshifts (e.g. Vika et al.,
2009; Shankar et al., 2009; Shankar, 2013; Willott et al., 2010; Li et al., 2011; Ueda
et al., 2014).
In this work we provide a further validation, by examining the AGN statistics from
a galaxy evolution viewpoint, basing on the SFR functions and on a deterministic BH
accretion history consistent with the Eddington ratio distribution at various redshifts
(cf. Figs. 8 and 9 in Aversa et al., 2015). This is similar in spirit with, but different
operationally from, the approach by Caplar et al. (2015), who recovered the AGN lu-
minosity functions from the stellar mass functions and from an ad hoc Eddington ratio
distribution.
To relate the BH accretion and star formation histories, we impose that the final BH
to stellar mass ratio MBH/M? takes on average values ≈ 10−3 with a 0.4 dex scatter, as
directly measured in the local Universe (see Shankar et al., 2016); actually, observa-
tional determinations at higher redshift and statistical estimates based on the abundance
matching technique indicate that the MBH/M? ratio weakly increases with redshift (e.g.
Häring and Rix, 2004; Peng, 2007; Jahnke and Macciò, 2011; Kormendy and Ho, 2013;
Aversa et al., 2015; Shankar et al., 2016). We describe this overall behavior as
MBH
M?
= 1.5 × 10−3
(
1 + z
2
)1/2
. (7.6)
The relative time spent by the AGN in a given logarithmic bin of luminosity LAGN,
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i.e. the AGN duty cycle, just reads
dδ
d log LAGN
=
τef + τAGN
τb + ξ τAGN
ln 10 ; (7.7)
here the total duration of the AGN luminous phase is taken as τb + ξ τAGN with ξ ≈ 3,
since after that time the luminosity is already decreased by a factor e−ξ . 0.05 and the
BH mass has already attained its final value to a very good approximation; anyway,
variations of this parameter do not appreciably affect our results.
Then the AGN bolometric luminosity function can be straightforwardly computed
as
dN
d log LAGN
=
∫
d logψ
dN
d logψ
dδ
d log LAGN
. (7.8)
The outcome is illustrated in Fig. 7.1 at various redshifts, and pleasingly agrees with
the most recent observational determinations. This further validates the proposed BH
accretion history.
Basing on the UV-inferred SFR functions would clearly undersample the AGN lu-
minosity functions at the bright end, since the number of galaxies with high SFR and
high stellar mass, hence with high BH mass and AGN luminosity, is itself underes-
timated. Note that, as shown by the dotted lines in Fig. 9.3, AGNs with appreciable
X-ray luminosity LX & 1042 erg s−1 (bolometric corrections by Hopkins et al. (2007)
are hosted by galaxies with SFRs ψ & 100 M yr−1, but their number density is smaller
than that of the overall star-forming population by a factor . 10−1; this is because of
the duty cycle (cf. Eq. 7.7), which reflects the nearly constant behavior of the SFR vs.
the exponential growth of the BH accretion rate during the galaxy lifetime.
7.3 Interpreting the AGN main sequence
Given consistent SFR functions, AGN duty cycles and luminosity functions, we can
investigate the AGN main sequence. We start from discussing the LAGN vs. SFR dia-
gram. The number of objects per logarithmic bins of AGN luminosity and SFR is given
by
d2N
d logψ d log LAGN
' dN
d logψ
dδ
d log LAGN
. (7.9)
The outcome at the representative redshift z≈ 2 is presented in Fig. 7.2, where the color-
code indicates the logarithmic number density of objects per unit comoving volume (in
Mpc−3). The lilac line with errorbars illustrates the number density-weighted mean re-
lationship 〈ψ〉 at given LAGN with its 2σ variance when adopting, for a fair comparison
with data, a SFR detection limit of 102 M yr−1. Our deterministic evolutionary tracks
for the star formation and corresponding BH accretion history in individual galaxies
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Figure 7.1 The (bolometric) AGN luminosity functions at redshifts z=1 (red lines),
3 (green lines) and 6 (blue lines): it has been reconstructed from the SFR functions
and the AGN duty cycle associated to the deterministic BH accretion history of Sect.
7.1. Solid lines refer to our outcomes based on the intrinsic (UV+far-IR) SFR func-
tions, while dashed lines refer to the (dust corrected) UV-inferred SFR functions. Dot-
dashed lines are obtained by adopting the stochastic variability model by Hickox et al.
(2014) and Stanley et al. (2015), inspired by the merger-driven scenario (see Eqs. 7.10
and 7.11). Optical data (filled symbols) are from Richards et al. (2006, circles), Fan
et al. (2006, pentagons), Croom et al. (2009, crosses), Jiang et al. (2009, inverse trian-
gles), Willott et al. (2010, pacmans), Masters et al. (2012, triangles), Ross et al. (2013,
stars), and Palanque-Delabrouille et al. (2016, diamonds); X-ray data (empty symbols)
are from Fiore et al. (2012, spirals), Ueda et al. (2014, squares), Aird et al. (2015, big
cross), and Miyaji et al. (2015, hexagons). The optical and X-ray luminosities have
been converted to bolometric by using the Hopkins et al. (2007, see their Figure 1) cor-
rections, while the number densities have been corrected for the presence of obscured
AGNs according to Ueda et al. (2003, 2014).
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(dotted lines), and the locus where the AGN and SFR luminosities match (dashed line),
are also illustrated.
For AGN luminosities LAGN < LSFR lower than those associated with star forma-
tion, the tracks of individual objects and the mean relationships are flat; in fact, this
occurs for galactic ages τ . τb when the SFR is roughly constant while the AGN
luminosity grows exponentially. Then on moving toward higher AGN luminosities
LAGN & LSFR that are attained for galactic ages τ & τb, the SFR gets rapidly sup-
pressed and the AGN luminosity fades, so that the evolutionary tracks of individual
objects move toward the bottom left region of the diagram. Contrariwise, the mean
relationship starts to increase, being statistically dominated by objects with higher and
higher SFR; this is because to achieve a higher AGN luminosity, the BH must reside in
a galaxy with larger SFR.
In the diagram we illustrate for comparison data points from individual and stacked
observations of X-ray selected AGNs (Page et al., 2012; Stanley et al., 2015; Harrison
et al., 2016), mid-IR selected AGNs (Xu et al., 2015), and optically selected quasars
(Netzer et al., 2016). The position on the diagram of these data points can be easily
understood as a selection effect (cf. Fig. 6.1). Optical selection tends to pick up objects
close to the peak of AGN luminosity when in the host dust has been partially removed
and the SFR starts to be quenched; X-ray selection can pick up objects before or after
the AGN peak, hence with SFR in the host still sustained or suppressed, respectively.
Mid-IR selection with the current observational limits strikes an intermediate course
between the former two.
For the sake of completeness, we also report data for a sample of far-IR selected
galaxies, where the bolometric AGN luminosity has been estimated by stacking of X-
ray fluxes (Delvecchio et al., 2015). In each of the SFR bins, the nuclear luminosity
span a range of values, because the galaxy can be picked up at anytime before the peak,
when the AGN luminosity can have vastly different values. Note that the contour levels
reported in the figure apply if the primary selection is in AGN luminosity, and not in
far-IR emission associated to star formation in the host.
In Fig. 7.2 the average result based on the variability model by Hickox et al. (2014)
and Stanley et al. (2015) is also shown. These authors adopt an Eddington ratio (or
AGN luminosity) distribution inspired by merger-driven models of galaxy formation,
that translates into a duty cycle with shape
dδ
d log LAGN
∝
(
LAGN
100 〈LAGN〉
)−α
e−LAGN/100 〈LAGN〉 , (7.10)
where α ≈ 0.2 (actually Hickox et al. 2004 adopt α ≈ 0.6, but the results change little);
the distribution is normalized to unity over the range LAGN > 10−2 〈LAGN〉.
The above authors also assume a constant ratio M˙BH/ψ ≈ 1/3000 between the BH
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Figure 7.2 Relationship between the SFR (left axis) or the far-IR luminosity (right
axis) vs. the (bolometric) AGN luminosity at z ≈ 2: it is based on the intrinsic
(UV+far-IR) SFR functions and the AGN duty cycle associated to the deterministic
BH accretion history of Sect. 7.1. Colored contours illustrate the number density of
galaxies plus AGNs (labels are in log units of Mpc−3). The lilac line with errorbars
illustrate the mean relationship with its 2σ scatter. The dashed line represents the
locus where LSFR = LAGN. The dotted lines show three evolutionary tracks (forward
time direction indicated by arrows) for objects with a given peak AGN luminosity
of 1045.5, 1046.5, 1047.5 erg s−1. Dot-dashed line is the average relationship obtained
by adopting the variability model by Hickox et al. (2014) and Stanley et al. (2015),
inspired by the merger-driven scenario (see Eqs. 7.10 and 7.11). Data are from: Page et
al. (2012; pentagons) for both individual (filled symbols) and stacked (open symbols)
X-ray selected sources; Stanley et al. (2015, circles) for stacked X-ray selected sources;
Harrison et al. (2016, stars) for individual X-ray selected sources; Netzer et al. (2016,
squares) for both individual and stacked optically selected sources; Xu et al. (2015,
triangles) for individual mid-IR selected sources; Delvecchio et al. (2015, diamonds)
for stacked far-IR selected sources.
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accretion rate and the SFR, as observed in the local Universe (e.g. Chen et al., 2013);
this provides a link between SFR and average AGN luminosity 〈LAGN〉 in the form
〈LAGN〉 ≈ 2 × 1042 erg s−1 × ψM yr−1 (7.11)
Such a stochastic model produces a result (lilac dot dashed line) similar to our (lilac
solid line) on the SFR vs. LAGN diagram; however, as it is seen from Fig. 7.1 it con-
siderably underpredicts the observed bolometric AGN luminosity functions at z & 1,
especially at the bright end; this is because Eq. (7.11) implies a too low normalization
of the SFR to the BH accretion rate (1/3000) at high redshift, and Eq. (7.10) is not suf-
ficiently broad at the bright end (cf. Bongiorno et al., 2012; Nobuta et al., 2012; Kelly
and Shen, 2013).
We now turn to interpret the diagram LX (or LAGN) vs. M?. The number of objects
per logarithmic bins of AGN luminosity and stellar mass is given by
d2N
d log M? d log LAGN
'
∫
d logψ
dN
d logψ
dδ
d log LAGN
dδ
d log M?
. (7.12)
where the relative times spent by a galaxy with approximately constant SFR in a bin of
AGN luminosity and stellar mass are given in Eqs. (7.7) and (6.5). The outcome at the
representative redshift z ≈ 2 is presented in Fig. 7.3, where the color-code indicates the
logarithmic number density of objects per unit comoving volume (in Mpc−3). The lilac
line with errorbars illustrates the number density-weighted mean relationship 〈LX〉 (or
〈LAGN〉) at given M? with its 2σ variance.
The evolutionary tracks for individual galaxies (dotted lines) feature a spiky behav-
ior. This is because, as can be inferred from Fig. 6.1, both during the ascending and
the declining part of the AGN lightcurve, the AGN luminosity increases or decreases
exponentially, while the stellar mass varies little; e.g., before the AGN luminosity peak,
the behavior M? ∝
√
log LAGN applies after Eqs. (6.1) and (7.1). This absence of cor-
relation between LAGN and M? is consistent with the observations of X-ray selected
AGNs by Mullaney et al. (2012b); as mentioned above, X-ray selection tends to pick
up objects both before and after the AGN peak, when the AGN luminosity can be vastly
different while the stellar mass changes little.
The mean relationship for detected galaxies (upper lilac dashed line) increases with
stellar mass; this is because to achieve a high AGN luminosity, the BH must reside in
a galaxy with rather high stellar mass, due to the constraint on the BH to stellar mass
ratio at the end of the coevolution, that is pinpointed by a mass-selected sample (cf.
Eq. 7.6). This well agrees with the average relationship for X-ray detected AGNs in
the mass-selected galaxy sample by Rodighiero et al. (2015; upper empty circles).
However, the mean relationship when including stacked observations (Mullaney
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Figure 7.3 Relationship between the X-ray luminosity (left axis) or the bolometric
AGN luminosity (right axis, strictly valid only for detected sources; see text for
details) vs. the host galaxy stellar mass at z ≈ 2: it is based on the intrinsic (UV+far-
IR) SFR functions and the AGN duty cycle associated to the deterministic BH accretion
history of Sect.7.1. Colored contours illustrate the number density of objects (labels are
in log units of Mpc−3). The lilac line with errorbars illustrates the relationship averaged
over detected and stacked sources (dashed lines) with its 2σ variance, for a detection
limit at LX ≈ 1043 erg s−1. The dotted lines show three evolutionary tracks (forward
time direction indicated by arrows) for objects with a given peak AGN luminosity of
1046, 1046.5, 1047 erg s−1. Data are from Delvecchio et al. (2015, squares) for far-IR
selected sources, from Mullaney et al. (2012b, diamonds) for X-ray selected sources,
and from Mullaney et al. (2012a, stars) and Rodighiero et al. (2015, circles) for mass-
selected samples; the open circles illustrate the average for detected (top) and stacked
(bottom) sources in the Rodighiero et al. (2015) data.
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et al., 2015; Rodighiero et al., 2015) lies substantially below, because of the contribu-
tion of undetected sources to the average. To compare with these data, it is essential to
account for the contribution from star formation to the X-ray emission. In our compu-
tation we estimate the X-ray luminosity from star formation by the calibration
LX,SFR = 7 × 1039 erg s−1 × ψM yr−1 (7.13)
of Vattakunnel et al. (2012).
We stress that the X-ray emission from star formation is usually negligible in indi-
vidual detected sources with X-ray luminosity LX & a few 1042 erg s−1, corresponding
for standard bolometric corrections to LAGN & 1044 erg s−1. Contrariwise, when stack-
ing sources with detection threshold LX . 1042 erg s−1, the galaxy number density
can be largely dominated by star-forming objects with negligible nuclear activity. As
a consequence, the relation for undetected sources could just mirror the galaxy main
sequence, with SFR converted in X-ray luminosity after Eq. (7.13). We find this is
indeed the case, with the resulting average relationship for undetected sources (lower
lilac dashed line) being a factor about 102 below that for detected AGNs, in agreement
with Rodighiero et al. (2015, lower empty circles). We caution that, for such undetected
sources, the conversion in bolometric luminosity via the standard X-ray correction for
AGNs is somewhat misleading.
The average over detected and stacked sources (lilac solid line) strikes an interme-
diate course, and is found to be in excellent agreement with the observational determi-
nations by Mullaney et al. (2015) and Rodighiero et al. (2015); however, its straight
physical interpretation is hampered because the statistics of detected and undetected
objects is contributed by different processes, i.e., either BH accretion or star formation,
respectively.
In Fig. 7.4 we show the average ratio between the X-ray luminosity (or BH accre-
tion rate) and the SFR vs. the stellar mass. Note that for a fair comparison with observa-
tional data by Mullaney et al. (2015) and Rodighiero et al. (2015), the BH accretion rate
has been obtained from the X-ray luminosity by converting to bolometric with the stan-
dard X-ray correction for AGN and then using M˙BH = (1 − ) LAGN/ c2 with  ≈ 0.1.
The result is another representation of the previous diagram, so our computation is
again based on Eq. (7.9), and the same cautionary comments apply. Specifically, de-
tected sources are truly AGN, while the undetected sources are mainly main sequence
galaxies with negligible nuclear activity. The average relationship LX/ψ ∝ M0.5? weakly
increases with the stellar mass, in agreement with the latest data from Rodighiero et al.
(2015).
We stress that such a behavior of the average relationship (mean of detected plus
stacked sources) between X-ray luminosity (or BH accretion rate, strictly holding only
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Figure 7.4 Relationship between the ratio of the X-ray luminosity (left axis) or the
BH accretion rate (right axis, strictly valid only for detected sources; see text for
details) to the SFR vs. the host galaxy stellar mass at z ≈ 2: it is based on the
intrinsic (UV+far-IR) SFR functions and the AGN duty cycle from the deterministic
BH accretion history of Sect. 7.1. Colored contours illustrate the number density
of objects (labels are in log units of Mpc−3). The lilac line with errorbars illustrates
the relationship averaged over detected and stacked sources (dashed lines), with its
2σ variance, for a detection limit at LX ≈ 1043 erg s−1. The dotted lines show three
evolutionary tracks (forward time direction indicated by arrows) for objects with final
stellar mass of about 1010.5, 1011, 1011.5 M. Data are from Rodighiero et al. (2015,
circles) and Mullaney et al. (2012a, stars) for mass-selected samples.
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for detected sources) and the SFR does not mean that the quantities are proportional
during the galaxy lifetime. In fact, the evolutionary tracks for individual objects are
characterized by a very steep trend; this is because, during the ascending phase, the
AGN luminosity increases exponentially, while the SFR is roughly constant and the
stellar mass increases mildly with time. It is only in statistical sense that the weakly
increasing behavior with M? emerges.
Finally, we note that the normalization of the average ratio around a few 10−4 at
M? ≈ 1011 M is driven by the statistics of stacked sources, that is mainly contributed
by star-forming galaxies with negligible nuclear activity. In fact, the relationship for
detected X-ray AGNs lies a factor around 10 above, with normalization increased to a
few 10−3 at M? ≈ 1011 M; indeed this reflects the value of the BH to stellar mass ratio
at the end of the coevolution, as pinpointed by a mass selection.
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Chapter 8
Conclusions
The history of star formation in massive galaxies (the host of high-redshift quasars) is
a fundamental problem in galaxy evolution. There are important issues still concerning
such topic, as: is star formation in galaxies mainly regulated by in-situ processes or by
merging ? How does the presence of dust affect the statistics of the star formation rate
in galaxies at high redshift z & 3 ?
To cast light on these issues, we have designed a method (see Chapter 3) to build up
the intrinsic SFR function at different redshifts up to z . 10. In detail, at z . 3 we have
fitted a Schechter function to the UV data for SFRs ψ . 30 M yr−1 and to the far-IR
data for SFRs ψ & 100 M yr−1. We have further imposed that at z & 8 the UV-inferred
SFR function is representative of the intrinsic one, since we expect small attenuation
by dust due to the short age of the Universe. This allows us to set the redshift evolution
of the Schechter parameters, and hence to work out specific predictions for the SFR
functions over the full range z ∼ 0 − 10.
We have found that for z . 7 the UV-inferred SFR function, even when corrected
for dust-absorption according to the standard prescriptions based on the UV slope,
strongly underestimate the intrinsic SFR function for SFRs ψ & 30 M yr−1. Thus
our result on the SFR function implies the existence of a galaxy population at z & 4
featuring large star formation rates SFR ψ & 102 M yr−1 in heavily dust-obscured
conditions. These galaxies constitute the high-redshift counterparts of the dusty star-
forming population already surveyed for z . 3 in the far-IR band by the Herschel space
observatory. A number of these objects have been discovered thanks to spectroscopic
follow-up of high-redshift candidates identified in UV or IR surveys, and their corre-
sponding number densities are well reproduced by our intrinsic SFR function. We have
further validated the latter by comparison with the observed (sub-)mm counts, redshift
distributions, and cosmic infrared background (see Sect. 3.1.1), finding an excellent
agreement.
99
100 CHAPTER 8. CONCLUSIONS
We have exploited the continuity equation approach and the ‘main sequence’ star-
formation observed timescales to show that our intrinsic SFR function is fully consis-
tent with the stellar mass function of active, star-forming galaxies observed at redshift
z & 4 (see Sect. 3.1.2). In particular, we reproduce the considerable abundance of
galaxies with stellar masses in excess of a few 1010 M at redshift z & 4, and even
their still substantial number densities out to z ∼ 6. On the contrary, we show that the
UV-inferred SFR function would produce a strong deficit of galaxies with such large
stellar masses.
We have computed average relationships between intrinsic SFR and stellar mass
vs. halo mass via the abundance matching technique (see Sect. 3.2). We find that such
relationships show little if no evolution with redshift at given MH; this clearly indicates
that the star formation in galaxies at high redshift z & 4 is regulated by similar, in-
situ processes, and not by merging or gas infall from cosmological scales. We have
pointed out that our results on the intrinsic SFR functions straightforwardly overcome
the ‘impossibly early galaxy problem’ recently pointed out by Steinhardt et al. (2015).
In order to probe the bright end of the SFR functions at z & 4, we have computed
the expected galaxy number counts and redshift distributions (including galaxy-scale
gravitational lensing) of dusty star-forming galaxies. We have also designed an obser-
vational strategy (see Chapter. 4) to hunt these galaxies based on a preselection in the
far-IR or (sub-)mm band with Herschel and SCUBA-2, possibly supplemented by on
source observations with mm instruments like AzTEC and ALMA, aimed at recovering
photometric (or even spectroscopic) redshifts (see Sect. 4.1).
We have investigated (see Sect. 4.2) the nature of the UV-selected galaxies at z & 4,
finding that their attenuation properties are strongly in excess with respect to those rou-
tinely estimated from the UV slope, i.e., via the βUV−IRX correlation. This is because
star formation preferentially occurs within molecular clouds, i.e., cocooned environ-
ments extremely rich in dust; on the other hand, the UV slope mostly refers to the
milder attenuation of the emission from relatively older stars by the diffuse cirrus dust
component. We have shown that a simple, power-law representation of the UV atten-
uation due to molecular clouds in terms of the SFR, maps the intrinsic SFR function
onto the observed UV luminosity function.
We have shown that dusty, strongly star-forming galaxies with ψ & 30 M yr−1
are not lost in the UV, but rather are moved by their strong attenuation AUV & 2.3 at
fainter magnitudes, where they are outnumbered by the intrinsically faint and poorly
attenuated galaxies. Such a highly star-forming, dust-obscured and massive galaxies
are expected to be located on the high side of the MUV − M? relationship; as such
these constitute particularly suitable targets for far-IR and (sub-)mm observations with
current instruments, and for near/mid-IR observations with the JWST.
We have also discussed (see Sect. 4.2) how the intrinsic SFR function at high-
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redshift could be probed by combining current UV surveys with observations from
(sub-)mm instruments like ALMA and NIKA2, and upcoming radio facilities like SKA
and its precursors.
In particular, in Chapter 5, we produced detailed predictions for the counts and
the redshift distributions for planned surveys with the SKA1-MID and its precursors,
starting from our SFR functions and allowing for the effect of gravitational lensing.
The SFR functions were converted into radio luminosity functions taking into ac-
count both the synchrotron and the free-free emissions, exploiting the calibrations
present in literature.
We have been able to reproduce the available source counts in the range 1.4–30
GHz, with some caveats for the published SPT counts of dusty galaxies at 95 GHz
(Mocanu et al., 2013), solved thanks to a multiwavelength approach.
The highest redshift tails of the distributions at the detection limits of planned
SKA1-MID surveys were found to include a substantial fraction of strongly lensed
galaxies. We predict that a survey down to 0.25 µJy will detect a non negligible amount
of strongly lensed galaxies per square degree, at redshifts of up to 10.
The redshift distributions also show that the SKA1-MID surveys, and to some ex-
tent surveys with the SKA precursors, ASKAP and MeerKAT, will allow us to probe
the star formation history through the re-ionization epoch without being affected by
dust extinction. The deepest SKA1-MID surveys, down to 0.25 µJy, will extend the
determination of the SFR function by about two orders of magnitude compared to Her-
schel surveys up to the highest redshifts.
We have also discussed the synergies between the deepest SKA1 -MID survey and
deep ongoing or planned optical/near-IR surveys. We find that the LSST deep drilling
fields reach faint enough magnitudes to detect essentially all SKA1-MID galaxies in
at least 3 bands, allowing reliable photometric redshift estimates. Exceptions may be
heavily obscured z > 6 galaxies that are however expected to be rare. The JWST/DWS
can detect also those in at least 6 filters, but its small area is a serious limitation.
We have finally provided a novel, unifying physical interpretation on the origin,
the average shape, the scatter, and the cosmic evolution for the main sequences of
star-forming galaxies and AGNs at high redshift z & 1. We have achieved this goal
in a model-independent way by exploiting: (i) our redshift-dependent SFR functions,
(ii) deterministic evolutionary tracks for the history of star formation and black hole
accretion, gauged on a wealth of multiwavelength observations.
We found that the galaxy main sequence and its scatter originate naturally as a
statistical relationship from the SFR functions and a deterministic star formation his-
tory. The existence of the main sequence by no means implies that individual galaxies
evolve along it. Specifically, we envisage young objects to be preferentially located
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to the left of the main sequence at given SFR. As the time goes by they will move at
nearly constant SFR toward the main sequence locus, spending there most of their life-
time. Afterwards, their SFR will be reduced and the galaxy will move below the main
sequence, occupying the locus of ’red and dead’ objects, as observed locally. Such
a picture provides, again, strong support to an in situ scenario for star formation in
galaxies.
The off-main sequence galaxies are interpreted as young objects, that have still
to accumulate most of their stellar mass. In this respect, the interpretation of their
peculiar position in the SFR vs. M? diagram is not to be above the main sequence
at given stellar mass, but rather to be to the left of it at given SFR. Mass-selected
galaxies tends to preferentially lie on the main sequence, while far-IR selected ones are
unbiasedly picked up on it or to the left of it. The age estimates via SED modeling
of far-IR selected galaxies support our interpretation, showing a tendency for objects
more distant from the main sequence locus to feature smaller and smaller ages. Note
that this is in contrast to the interpretation of off-main sequence objects as starbursts
triggered by mergers or cosmological inflows.
We are also able to explain the redshift evolution of the main sequence toward
higher SFRs at given stellar mass, tracing star formation in galaxies back to in situ
condensation processes. At higher z these are typically more efficient, yielding more
violent SFRs, and so making the main sequence locus to shift upwards. We also expect
that going toward higher redshift, the number of off-main sequence objects decreases
appreciably.
The AGN main sequence is globally understood in terms of star formation and BH
accretion histories. As to the SFR vs. LAGN relationship, we expect a flat behavior
for AGN luminosities lower than those associated with star formation, reflecting the
individual evolutionary tracks of young galaxies. Then on moving toward higher AGN
luminosities, the SFR gets rapidly suppressed by feedback processes, and the AGN lu-
minosity itself slowly fades, so that the evolutionary tracks of individual objects move
toward the bottom left region of the diagram. Contrariwise, the mean SFR increases
with AGN luminosity, being statistically dominated by more massive objects that fea-
ture higher and higher SFRs.
As to the LX vs. M? relationship, we expect that the evolutionary tracks for in-
dividual galaxies feature a spiky behavior, because the AGN luminosity increases or
decreases exponentially with the galactic age, while the stellar mass varies little. This
absence of correlation is consistent with the observations of X-ray selected AGNs.
On the other hand, the mean LX for detected galaxies increases almost linearly with
M?, being statistically dominated by objects with higher stellar and BH masses. The
resulting relation well agrees with the average relationship for X-ray detected AGNs
in mass-selected galaxy samples. However, when including stacked observations the
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mean LX is substantially lower, because of the contribution of undetected sources to
the mean. We have highlighted that the statistics of undetected sources is dominated
by star-forming galaxies with negligible AGN emission, and so it reflects the galaxy
main sequence, with SFR converted in X-ray luminosity. As such, a straight physical
interpretation of the mean relationship is hampered because the statistics of detected
and undetected objects is contributed by different processes, i.e., either BH accretion
or star formation, respectively.
Finally, we have discussed the increase of the average ratio between BH accretion
rate and the SFR as a function of galaxy stellar mass. This does not imply that the BH
accretion rate and SFR are proportional during the entire galaxy lifetime, because the
average relationship holds only for detected sources in a statistical sense.
We remark that the star formation and BH accretion histories emerging from the
above observational landscape constitute a testbed for galaxy and AGN evolution mod-
els; in particular, they provide a guide to gauge subgrid physics in numerical simula-
tions.
We have shown that to properly interpret the main sequences for star-forming galax-
ies and AGNs at high redshift z & 2 future observations should aim at: (i) exploiting
different selections for galaxies and AGNs to fully populate the main sequence di-
agrams, especially for detected sources; (ii) measuring with improved accuracy the
ages of stellar populations for extended samples of star-forming galaxies and AGN
hosts; (iii) determining via spectroscopic observations the gas content of star-forming
galaxies and AGN hosts located on and above the main sequences. To study off-main
sequence objects, an important issue concerns the stellar mass determination of far-IR
selected galaxies at high-redshift, that will become feasible in the near future thanks to
the JWST.
To sum up we have provided an unified view on galaxy and supermassive BH evo-
lution. In fact, while there is a large consensus on BH evolution via in situ accretion
processes, debate is still open on the role of mergers or cosmological gas inflows in the
assembly of stellar mass within galaxies. Our analysis highlights that the present data
strongly support an in situ nature of both star formation and BH accretion processes,
and it specifies in detail how they are coordinated in time. All in all, a framework of
in situ coevolution is emerging, and it strongly demands to be further tested via future
observations.
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Chapter 9
Future Plans
Here we give an overview of our future plans for research.
9.1 An holistic view of galaxy evolution at high-z
In the future we plan to provide an holistic view of galaxy evolution at high redshift,
reconciling constraints from various astrophysical/cosmological probes, such as the
estimate of the cosmic SFR density from UV/IR surveys and long GRB rates, the cos-
mic reionization history after the latest Planck measurements, and the missing satellite
problem.
We will use the global model-independent SFR functions to compute the cosmic
SFR density down to an UV magnitude limit MUV . −12 (corresponding to a SFR
limit of a few 10−3 M yr−1, see Fig. 9.1) to test its agreement with recent determi-
nations from IR surveys, and, taking into account a metallicity threshold, also against
the estimates from long GRBs rates: they provide, in fact, an unbiased (with respect
to dust extinction) view of the star formation processes at very high redshifts, being
connected with the explosions of SNe.
We also plan to exploit such analysis to reproduce the electron scattering optical
depth as recently measured by Planck, testing the underlying galaxy formation scenario
against cosmic reionization.
All these results will let us put some constraints also on the efficiency of galaxy
formation within dark matter halos, making it possible to analyze if there is a mass
limit for dark matter halos that can form galaxies inside: remarkably, such a limit is
also required not to run into the missing satellite problem in the local Universe.
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Figure 9.1 PRELIMINARY! Madau Plot: cosmic SFR density from the global
model-independent SFR functions
9.2 The Radio Quiet AGNs contribution to SF galaxies
in Radio Surveys
The radio emission of the so called radio-quiet (RQ) AGNs is still an open issue. We
plan to investigate whether the statistical properties of galaxies detected by the Ex-
tended Chandra Deep Field-South (E-CDFS) VLA survey and found to host an RQ
AGN are consistent with the radio emission being dominated by star-formation in the
host galaxy.
We will achieve this goal using the global model-independent SFR functions and
the SFR-radio emission relations presented in this thesis, and provide also redshift
dependent radio luminosity functions for both SF galaxies and for the fraction of these
galaxies that hosts a RQ AGN (See 9.2). We plan to calculate the latter exploiting our
knowledge about the AGNs duty cycles and bolometric luminosity functions, obtaining
in the end a probability for the SF galaxy to contain an (RQ) AGN.
We would like to check our results with existent and upcoming observations of lu-
minosity functions of SF galaxies (See Fig. 9.2) and RQ AGNs, as well as provide
predictions for number counts and redshift distributions for the upcoming radio facili-
ties.
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Figure 9.2 PRELIMINARY! SFGs radio luminosity functions: Luminosity func-
tions of Star-Forming galaxies as derived from the global model-independent SFR
functions in the radio band.
Figure 9.3 PRELIMINARY! SF galaxies bolometric luminosity functions: Bolo-
metric luminosity functions of Star-Forming galaxies hosting an active nucleus with
LX > 1042 (dotted lines), derived as a fraction of the bolometric luminosity function of
all SF galaxies as inferred from global, model-independent, SFR functions (solid lines)
.
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Appendix A
Computing number counts
Here we give all the extensive formulae used to compute differential, integral and Eu-
clidean number counts and redshift distributions along the whole presented work.
As already mentioned in Chapter 3, the equation that computes the differential
number counts is the following:
dN
d log S ν dΩ
(S ν) =
∫
dz
dV
dzdΩ
N(logψ)
d logψ
d log S ν
(A.1)
where the flux is given as
S ν =
Lν(1+z)
Lψ
1 + z
4piD2L(z)
, (A.2)
while the comoving volume per unit solid angle is
dV
dzdΩ
=
c
H0
(1 + z)2D2A(z)
E(z)
(A.3)
with DL = (1 + z)2DA.
The Euclidean number counts are simply
S 2.5ν
dN
dS ν dΩ
(S ν) (A.4)
and translated using dN/dlog S ν dΩ with dS ν = S νln10d log S ν, after some simplifica-
tions they read
S 1.5ν
dN
d log S ν dΩ ln10
(S ν). (A.5)
The integral number counts per unit volume, instead, can be simply obtained by
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integrating over the flux Eq. A.1 in the following way:
N(> S ) ≡ dN
dΩ
=
∫ ∞
S ν,in f
dS ν
∫
dz
dV
dzdΩ
N(logψ)
d logψ
d log S ν
. (A.6)
Finally the redshift distributions are computed as follows:
dN
dzdΩ
(z, S ν > S ν,in f ) =
∫ ∞
log S ν,in f
d log S ν[
dV
dzdΩ
N(logψ)
d logψ
d log S ν
]S ν ln10 (A.7)
Appendix B
The continuity equation
The continuity equation approach is useful in linking the luminosity function N(L,t)
to the corresponding final mass function N(M,t) of a galaxy by tracing a generic form
of baryonic accretion, for example the one that regulates the accretion onto the central
BH or the stellar content in the host galaxy itself. The standard approach (Small and
Blandford, 1992; Yu and Lu, 2004) in the integral formulation has been exploited by
Aversa et al. (2015) in the following way: they started from the equation
N(L, t) =
∫ ∞
0
dM[∂tN(M, t) − S(M, t)]
∑
i
dτi
dL
(L|M, t) (B.1)
where τ is the time elapsed since the triggering of the activity ( a sort of internal clock,
not the cosmological time t), and dτ/dL is the time spent by an object with final mass
M in the luminosity bin [L, L+dL] considering a defined lightcurve L(τ | M, t). There
could be multiple solutions τi for the equation L=L(τ | M, t) thanks to the sum. The
source term S(M, t) is due to "dry" merging, so it account for the mass content in stars
or BHs derived from merging processes that do not contribute significantly to the star
formation or BH accretion processes. Aversa et al. (2015, see their Appendix B for
details) demonstrates that the impact of dry mergers on the mass functions is apparent
only at the high mass end, in fact their effect is to increase the space density of BHs
with mass MBH & 109M and boost that of stellar masses M∗ & 1012M: in this
intervals the data are still statistically uncertain of affected by large systematics. The
authors then set the dry merging term to zero to solve Eq. B.1. Starting from it, a
Soltan (1982) argument, concerning the equivalence between the integrated luminosity
density and the local, final mass density, can be recovered: assuming that the timescales
τi (that encase the mass-to-energy conversion efficiency) are constant in redshift and
luminosity, neglecting the source term, multiplying by L and integrating over both L
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and t the authors obtain:∫ t0
0
dt
∫ ∞
0
dLLN(L, t) =
∫ ∞
0
dL ×
∑
i
dτi
dL
= const ×
∫ ∞
0
dMN(M, t), (B.2)
given that
∑
i
∫
dτiL ≡const ×M. For the BHs const = c2/(1 − ) given a radiative
efficiency  ∼0.1, and according to Aversa et al. (2015) the same expression holds also
for the stellar components.
In practice Eq. B.1 is an integro-differential equation in the unknown function
N(M, t), and it can be solved if the input luminosity function and the lightcurve (N(L,
t) and L(τ | M, t), respectively) are specified. On Aversa et al. (2015) basis we use
them to derive the mass function of supermassive black holes and stellar component in
galaxies throughout the history of the Universe.
Appendix C
Modeling strong lensing
To compute the galaxy-galaxy lensing for the predictions of number counts and redshift
distributions we adopt a two component model, made of a stellar component with a
Sersic profile plus a DM halo with a Navarro-Frenk-White (NFW) profile (see Lapi
et al., 2012), referred to as "SISSA model" (an example is given in Fig. C). For an
extensive treatment of the topic we defer to the work by Lapi et al. (2012), here we just
present the equations which are useful for computing the number counts.
The lensing optical depth is computed as
τ(zs| > µ) =
∫ zs
0
dzl ×
∫
dMH
d2N
dMHdV
d2V
dzldΩ
σ(> µ,MH, zs, zl), (C.1)
where d2V/dzdΩ is the comoving volume per unit z-interval and solid angle, while
d2N/dMH is the galaxy halo mass function, (the statistics of halos containing one sin-
gle galaxy, (see Shankar et al., 2006, for details). The galaxy halo mass function is
computed from the standard Sheth and Tormen (1999, 2002) mass function, account-
ing for the possibility that an halo can contain multiple subhalos, and removing halos
corresponding to galaxy systems. The latter characteristic is obtained cutting off the
halo mass function at M=1013.5M, in fact beyond this limit the probability of having
multiple galaxies within a halo becomes very high. As for the subhalo, in Lapi et al.
(2012) they point out that for masses in the range 11.4 . log(MH/M) . 13.5 and red-
shift z & 1.5, for which the lensing effect becomes important, the total (halo+subhalo)
mass function differs from the halo mass function by less than 5%.
The inner integral in Eq.C.1 gives the lens redshift distribution, in other words the
surface density per unit redshift interval of lenses located at zl that can produce a strong
lensing event with total magnification > µ on a source at redshift zs: dp(zl| > µ, zs)/dzl.
To obtain the number counts of lensed galaxies it is necessary to start from the
number density of unlensed galaxies d2N/dS dzs, to multiply by the amplification dis-
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Figure C.1 Ray-tracing simulation of the gravitational lensing for an extended
source at zs = 2.5 with a Sersic profile (n = 4) and effective (half light) angular
radius θs = 0.”12, and a lens at z′ = 0.7 from Lapi et al. (2012). The impact parame-
ter θb (i.e., the angular separation between the source and the optical axis) is 0.”3, 0.”4,
0.”15, 0.”2, respectively. The unlensed source is shown in the top left panel, while the
lensed image for the SISSA model is in the top right panel, for the NFW model is in
the bottom left panel, and for the SIS model is in the bottom right panel. In all panels
the origin of coordinates marks the position of the optical axis, while the color scale
represents in logarithmic units the surface brightness relative to the central value of
the unlensed image. Note that the centra lpixels in the SISSA and NFW panels corre-
spond to the strongly demagnified image, and appear in the figure owing to the finite
resolution of the simulations.
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tribution dp/dµ, and to integrate as follows:
dN
d log S
(s) =
∫
dzs
1
〈µ〉
∫
dµ
dp
dµ
(µ|zs) d
2N
d log S d
zs(S |µ). (C.2)
The factor 1〈µ〉 can be approximated with 1 in the case of large area surveys.
The redshift distributions are computed as in Eq.C.2, without integrating over z.
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Appendix D
Abundance Matching technique
As introduced in Chapter 3 the abundance matching technique is a standard way of
deriving monotonic relationships between galaxy and halo properties by matching the
corresponding number densities (Vale and Ostriker, 2004; Shankar et al., 2006; Moster
et al., 2010, 2013; Behroozi et al., 2013).
In order to derive the relation between the stellar or BH mass M and the corre-
sponding Halo mass MH, it is necessary to solve the following equation (e.g. White
et al., 2008; Shankar et al., 2010):∫ ∞
log M
d log M′N(log M′, z) =
=
∫ +∞
−∞
d log M′HN × (log M′H, z) ×
× 1
2
erfc
 log[MH(M)/M′H]√2σ˜log M

(D.1)
which holds when using a lognormal distribution of M at a given MH, with a disper-
sion σlog M. In Eq.D.1 we have defined σ˜log M = σlog M/µ, where µ = d log M/d log MH.
The quantity N(log MH) is the galaxy halo mass function, in other words the mass
function of the halos hosting one individual galaxy. Since we would like to have rela-
tionships which are valid for a single galaxy, and not for a galaxy system, we do not
rely on the halo mass function. We use the Aversa et al. (2015) approach: they build the
galaxy halo mass function by correcting the overall halo mass function from cosmolog-
ical N-body simulations, adding the contribution of subhalos after having removed, on
probabilistic considerations, the contribution of halos corresponding to galaxy systems.
In practice, they first account for the possibility that an halo contains many subhalos,
and secondly they exclude halos corresponding to galaxy systems.
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They start from the subhalo mass function as determined by Jiang and van den
Bosch (2014): the subhalos having mass between m and m + dm in an halo of mass MH
at a given redshift z are distributed as
N(logψ) = γψα exp−βψ
ω
ln10 (D.2)
where ψ = M/MH; m is considered to be the mass of the self-bound entity at redshift
z, that has survived after that mass stripping and dynamical friction reduced the initial
mass. The parameters to be inserted in Eq. D.1 to describe the evolved subhalo mass
function are given by Aversa et al. (2015) as [γ, α, β, ω]=[0.31 fs, -0.82, 50.00,4.00],
where fs accounts for the dependance from the host halo mass and the redshift. It can
be written as fs = 0.3563N−0.6τ − 0.075, where Nτ =
∫ t(z0.5)
t(z) dt/τdyn(t), τdyn is the halo
dynamical time. We defer the reader to the paper by Aversa et al. (2015) for detailed
figures and the outcome at different redshifts.
Having all those ingredients, then it is possible to compute the overall subhalo
contribution to the halo mass function in a mass bin MH-MH+dMH as
NsubH(log MH) =
∫ ∞
0
d log M′HNH(log M
′
H) × N(logψ)|ψ=MH/M′H (D.3)
where NH(log MH) is the standard Halo mass function (see Sheth and Tormen,
1999; Tinker et al., 2008). The total halo+subhalo mass function then reads
NH+subH(log MH) = NH(log MH) + NsubH(log MH). (D.4)
.
It turns out that the contribution of the subhalo is in general negligible for any
redshift in the mass interval of interest.
The probability distribution for an halo to contain one individual galaxy is com-
puted as follows: the first step consists in obtaining the halo occupation number, in
other words the average number of subhalos inside a host halo with mass MH, given by
〈N〉(MH, z)0
∫ 0
log mmin/MH
d logψN(logψ) (D.5)
with mmin the minimum mass for an halo to avoid divergence in the integral. The
value of mmin has been set by comparison with observational datasets and numerical
simulations. For high masses MH  mmin, the halo occupation number is well rep-
resented by a power law with logarithmic slope . 1, again according to Aversa et al.
(2015), going into an abrupt cutoff for masses MH . 3 − 5 mmin.
Since numerical simulations and HOD models in literature, indicate the Poissonian
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distribution as the best one to represent the probability of having N subhalos given the
average number 〈N〉(MH, z), the second step consists in writing:
P(< N|〈N〉) = Γ(N + 1), 〈N〉
N!
(D.6)
where Γ(a, x) =
∫ ∞
x dtt
a−1e−t is the incomplete complementary gamma function, x is
the floor function (the closer integer lower than x), and n! is the factorial function.
In the end, the galactic halo mass function can be computed as
NGHMF(log MH) = NH+subH(log MH) × P(< N = 1|〈N〉). (D.7)
In general, Aversa et al. (2015) pointed out that the galactic halo mass function
shows a cutoff for host halo masses MH & 1013M, more pronounced at lower redshifts:
this occurs because the larger halos are more likely to host a galaxy group or cluster,
rather than an individual galaxy. The lower (∼ afew1011M, for satellite halos) and the
upper (∼ afew1013M, for a halo to host an individual galaxy) limits for the halo mass,
are suggested by galaxy weak lensing observations.
An example of Galaxy Halo Mass function vs Halo Mass Function at different redshifts
is given in Fig. D.
120 APPENDIX D. ABUNDANCE MATCHING TECHNIQUE
Figure D.1 Galaxy halo mass function N (log MH ) (solid lines) at redshift z = 0
(orange), 1 (red), 3 (green), 6 (blue), and 10 (cyan), vs. the halo mass MH in solar
units from Aversa et al. (2015). This is obtained from the halo mass function (dashed
lines) by adding the global subhalo mass function and subtracting the mass function
of multiply occupied halos (or equivalently multiplying by the probability of single
occupation). At z = 0 they also report as a dotted line the resulting cluster and group
halo mass function (obtained by subtraction of the solid from the dashed line); this
is compared with the determinations by Boehringer et al. (2014, circles) from X-ray
observations of groups and clusters and by Martínez et al. (2002, stars) from optical
observations of loose groups.
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